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Nuclear energy is playing a vital role in 
the life of every man, woman, and child in the 
United States today. In the years ahead it will 
affect increasingly all the peoples of the earth. 
It is essential that all Americans gain an 
understanding of this vital force if they are to 
discharge thoughtfully their responsibjilities as 
citizens and if they are to realize fully the 
myriad benefits that nuclear energy offers 
them. 

The United States Atomic Energy Com- 
mission provides this booklet to help you 
achieve such understanding. 
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IMPORTANCE OF FUSION ENERGY 



Need for Energy ^Sources 

The availability of energy (or power) for the operation of 
machniery has been a decisive factor in the improvvMiicnt of 
man\s standard of li\ing. With the steady rise in population 
and in the use of mechanical devices to increase the 
productivity of labor, the world's power requirements are 
growing rapidly. In the past, the chief sources of energy were 
the fossil fuels- -coaL oil, and natural gas and, to a smaller 
extent, water power. The increasing demand for eneigy has 
spurred worldwide exploration for fuels, especially for oil, 
and so far the newly discovered reserves have kept pace with 
consumption. 

Although this appears to be a satisfactory situation, there 
are limitations. First, the time must come, possibly by the 
end of the present century, when the reserves begin to 
dwindle and a shortage of fossil fuels becomes a definite 
prospect. And, second, the distribution of oil and coal 
reserves is such that many industrialized countries must 
miport their fuel supplies at considerable cost. Furthermore, 
the combustion of fossil fuels, especially coal, causes prob- 
lems of atmospheric pollution by producing oxides of sulfur 
and nitrogen and fine particles of ash. A new and clean 
source of energy with a basic fuel that is cheap, abundant, 
and available to all, would thus be a great boon to mankind. 
Scientists hope that nuclear fusion will provide such an 
energy source. In order to understand this process it is 
necessary to know something about the background of 
nuclear energy. 



Photo 1. Large loop prominences on the sun, caused by a 
locally intense magnetic field. The U. S. program in con- 
trolled fJsion is devoted to research on fusion reactions 
similar to those from which the sun derives its energy. 

Er|c 1 ' 



Nuclear Energy 

Soon alter r:iclio:ictivity was discovered at tlie end ol" the 
19tli century, physicists began to conjecture about tlie 
energy, wliich they cahed "atomic energy," tliat was appar- 
ently stored within the atom. Later, when the nuclear theory 
Ol the atom was developed in 191 I. bdentist.s realized that it 
was the nucleus, the central p;irt of the atom, that was »hc 
source of this energy.* Hence, it should be called ''nuclear 
energy'" ratiier than atomic energy. Until 1930. however.no 
one knew how this energy could be relea.sed in a uiicful 
manner. 

In the cour.se of his studies in 1905 on the theory of 
a-iativity. Albert IZinstein showed that mass and energy were, 
in a sense. ci|uivalent. Con.sequently. energy .should be 
liberated in any process associated with a net decrea.se in 
mass. By considering the measured ma.sse.s of atomic nuclei, it 
became ai)iiarent that there were two general ways whereby 
nuclear energy could be made available by using reactions 
accompanied by a decrease in mass. One is by the splitting 
(fission) of the heaviest nuclei into nuclei of intermediate 
mass, and the other is by the combination (fusion) of .some 
of the lightest nuclei. Actually, there are many other nuclear 
processes that are accompanied by a liberation of energy. But 
only with nuclear fission and fusion is there the iio.ssibllity of 
producing more energy than is consumed during the reaction. 
In other words, only for these reactions is there prosnc'ct 
that the proces.s. once started, can be self-sustaining like a 
fire. 

The discovery of nuclear fission in 1939 revealed a new and 
highly concentrated source of energy. Some 6 years later, this 
energy was first used in the atomic bomb, and since that time 
nuclear reactors have been developed in which fission energy 
is liberated as heat and converted into electric power.f The 



M'or a (Icscripiion of .noiiiic ilicory. .see Inner Space. The Stmctnrc of the 
Atom, aiioilier Iwoklel in this series. 
iSce Wndear Rvacion jud Nuclear I'owr Plants, oilier booklets in iliis series. 




•inpact of nuclear fisbion energy is already being felt in many 
countries. In 1973, about 4'^ of the electricity used in the 
United States wab generated in nuclear reactor power plants 
and this proportion is expected to increase to more than 20% 
by 1980. But fission is not the complete solution to the 
eneruv problem. It is true that the world resources of the 
basic materials, namely uranium and thorium minerals, are 
fairly abundant. There are, however, many countries that 
either do not pobsesb these minerals or do not have the means 
for producing nuclear fuels from them. Furthermore, special 
precautions must be taken in the operation of fission power 
plants to prevent undesirable environmental effects. 

Nuclear Fusion Energy 

It is such considerations that make nuclear fu.sion of 
exceptional interest as a possible .source of power. The fuel is 
a form (isotope) of hydrogen, called "hea\y hydrogen or 
deuurium. that is present in all water; for every 6500 or .so 
■itoms of ordinary (light) hydrogen in water, there is one 
atom of deuterium. In other words, there is 1 pound ot 
deuterium in some 30.000 pounds of water. But the 
enormous volumes of ocean and other surface waters on 
earth contain more than 10 million million (lO'^) ions of 

deuterium! . . . , 

Calculations show that the energy that could, m theory, bt 
produced by the fusion of the deuterium nuclei present m a 
..allon (8 pounds) of water is equal to that obtainable Irom 
Ihe combustion of 300 gallons of gasoline. The large amounts 
of deuterium available on earth thus represent a virtually 
inexhaustible potential source of energy. 

The cost of obtaining the deuterium fuel from water is not 
laiue. At the present, it costs only a few cents to extract a 
miantitv of deuterium equal to that in a gallon of water. The 
first fusion systems are expected to require lithium in 
Mddition to deuterium, but lithium is not an expensive 
■ material and ample supplies are available, as will be seen 
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shortly. In fact, it is anticipated that the fuel costs for fusion 
power will be negligible. Furthermore, the safety and 
environmental aspects of fusion power arc expected to be 
favorable (see page 68). Here then is apparently the ideal 
source of energy. Unfortunately, this is not the whole story 
For one thmg, as in a nuclear fission system, -the price of the 
fuel would represent only a small proportion of the cost of 
the electric power produced. For another, there are difficult 
problems to be solved before fusion power can be a reality 
The purpose of this booklet is to indicate the nature of these 
problems and to show how solutions are being sought. 

CONDITIONS FOR NUCLEAR FUSION 

Realization of Fusion 

- Before describing the conditions that must be met if fusion 
energy is to be released in a practical manner (i.e., in a fusion 
reactor"), we will review the evidence which shows that 
nuclear fusion is indeed possible. In the first place, fusion is 
the energy source of the sun and other stars. The sun's fuel is 
not deuterium but ordinary hydrogen; in a series of nuclear 
reactions, four hydrogen nuclei are fused together to form a 
helium nucleus. There arc good reasons, however, for stating 
that the sun's processes take place much too slowly to be ' 
useful on eartli. in the sun, for example, the ability to 
generate energy at a high rate depends on the enormous 
quantity ol hydrogen present. 

Laboratory experiments have shown that nuclear fusion 
can be achieved with deuterium. Deuterons (i.e., deuterium 
nuclei) can be accelerated to high velocity (and kinetic 
energy) in a charged-particle accelerator, such as a cyclotron 
or similar machine.* If these deuterons strike a solid target 
containing deuterium, fusion reactions occur. But, of the 
collisions between the accelerated deuterons and those in the 
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target, only a very small proportion lead to fusion. In the 
great majority of collisions, the impinging deuteron is merely 
denecled (scattered) and at the same time loses some of its 
energy; it then becomes essentially incapable of fusing with 
another deuteron. in effect, most of the energy of the 
accelerated deuterons is lost as heat in the target. Much more 
energy ib consequently spent in accelerating the 'deuterons 
than is produced by the small number of fusion reactions 
that occur. Although the acceleration procedure is not a basis 
for the practical liberation of energy, it does show that fusion 
between two deuterium nuclei is possible. 

Finally, nuclear fusion is the source of the large amount of 
energy released in the so-called hydrogen (or H-) bomb. 
.Weapons of this type contain deuterium as one of their 
components together with a nuclear fission bomb that serves 
as a trigger. The latter supplies the energy required to make 
fusion reactions occur. 

Requirements for Fusion Reactions 

In order to see how controlled nuclear fusion might be 
realised, let us examine the essential requirements. First, the 
two light nuclei must come close enough to permit interac- 
tion. .Since each nucleus carries a positive electrical charge, 
the two nuclei repel each other more and more as they come 
closer together. Consequently, for the nuclei to interact they 
nul.^t ha\e enough initial energy to overcome the force of 
electro.static repulsion that tends to keep them apart. The 
magnitude of the repelling force increases with the electrical 
charges on the two nuclei. To keep this force small, 
therefore, the interacting nuclei should have tiie lowest 
po.ssible charge (or atomic number*). 

The element with the .^mallel>t atomic number is hydrogen, 
since its nuclei (and tho.se of its i.sotopes) carry but a single 
charge. The obvious choice for fusion reactions on earth is 



♦I he atomic niimbcr of .in isotope is tlic number of protons in the nucleus. 
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thus some form of hydrogen. The fact that it happens also to 
be cheap and abundant is, of course, an advantage. Three 
isotopes of hydrogen are known. The lightest, with a mass 
number* of on-, is ordinary hydrogen, H: the nucleus of an 
atom of this isotope is called a proton. Ordinary hydrogen is 
the isotope that undergoes fusion in the sun. 

The next isotope is deuterium, mass number two, repre- 
sented by 2n or, more commonly, by the symbol D; its 
nucleus, the deuteron, is also indicated by D, although D* is 
used when it is necessary to distinguish between the neutral 
atom and the positively charged nucleus. It occurs in all 
natural water, as mentioned earlier, and can be extracted 
vvithout too much difficulty. Finally, there is tritium, mass 
number three, represented by or T; the nucleus is called a 
triton. This isotope is radioactive and is very rare in nature, 
but it can be made by the interaction of neutrons with 
lithium nuclei. 

Deuterium and Tritium Fusion 

Fusion processes with deuterons and tritons take place fast 
enough to make them reasonably possible sources for the 
release of energy at a useful rate. These isotopes are, 
therefore, the most practical fusion fuels. Because of the low 
cost and availability of deuterium, it would be preferable to 
use this isotope alone; the fusion process would then involve 
only deuterons. Two such reactions, occurring with roughly 
equal probabilities, are known; they are 

D + D-^'*He + n + 3.2 MeV 

and 

D+D-^T+H + 4.0MeV, 



♦The mass number of an isotope is the total number of protoms and neutrons in 
the nucleus. 
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where n represents a neutron. The energy release is expressed 
in units ol' million electron volts (MeV)*. In the first of these 
two reactions, the products are a helium-3 nueleus and a 
neutron, and in the second they are a triton and a hydrogen 
nucleus (proton). The triton formed in this manner can then 
react fairly rapidly with another deuteron, that is, 

D + T->^He + n+ 17.6 MeV, 

leailing to the formation of a heliunv4 (ordinary helium) 
nucleus and a neutron, plus the large energy release of 17.6 
i\leV. 

The fusion of deuterium alone would be the preferable 
reaction for the release of energy, but we shall see that the 
conditions required to make the process practical are very 
severe. It is possible that these conditions could be alleviated 
by adding a small proportion of tritium in a so-called 
"catalyzed" D-D reaction. The general feeling at present, 
however, is that controlled fusion will first be realized 
through the reaction between deuterium and tritium nuclei, 
in accordance with the D-T reaction given above. Since the 
tritium would not be available from natural sources, it would 
be made artificially by the interaction of neutrons with 
lithium nuclei. The neutrons released in the D-T reaction 
would be used for this purpose. The process is consequently 
referred to as tritium "breeding". 

The raw materials for the production of energy by the D-T 
reaction would thus be deuterium and lithium. Ample 
reserves of the latter are available on land at a moderate cost. 
In fact, the known and reasonably inferred reserves in the 
United States will last for hundreds of years and probable 
reserves would last for a few thousand years. Even larger 
amounts are present in the oceans, but, before the lithium 



♦An electron volt (cV) is the energy acquired by a unit (electronic) charge in 
accelerating through a potential of I volt. The MeV (niillion electron volt) unit is 
equivalent to 1.60 x 10"* erg or 3.8 x 10"' ^ calorie. 



supplies on land are exhausted, the conditions for fusion of 
deuterium alone should be realized. 

A pictorial representation of the three fusion processes of 
immediate interest is given in Figure 1, which shows the 
rearrangements among the constituent neutrons (n) and 
protons (p). A deuteron consists of one proton and one 
neutron, and a triton of one proton and two neutrons. The 
energy released appears as kinetic energy and is divided 
between the two products in inverse proportion to their 
masses. The amount of energy carried. by each of the 
products is indicated. In the reaction between deuterium and 
tritium nuclei most— about 80%— of the fusion energy is 
associated with the neutron, which is not electrically charged. 
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Figure I. Fusion reactions with deuterium (D) and tritium 
(T) nuclei. The numbers indicate how the fusion energy is 
divided between the products in each case. The neutrons (n) 
are not electrically charged, but the other products carry 
electrical charges. 



In addition to the three fusion reactions just described, 
which involve only isotopes of hydrogen, there is also some 
interest in the nuclear fusion reaction between deuterium and 
helium-3, namely, 

D + ^He->^He+H+ 18.3 MeV. 

The helium-3 required for this process would be generated by 
the first of the D--D reactions. The D-^He reaction will not 
be discussed but it will be mentioned later in a special 
context (page 69). Both products, ^ He and H, carry electrical 
charges. 

High-Energy Requirement 

So far, we have established that the nuclear reactions of 
primary interest for the controlled release of fusion energy 
involve either deuterium alone, deuterium and tritium, or 
deuterium and helium-3. The forces of repulsion between 
these light nuclei are the minimum possible, and the resulting 
reactions could be expected to take place at a reasonable 
rate. The next point to consider is how to give sufficient 
energy to the nuclei to permit them to overcome the 
repelling forces. One obvious way is to make use of an 
accelerator and a solid target, as described earlier. But we saw 
that this procedure wastes too much energy to be of practical 
value. It has been used extensively, however, in the labora- 
tory to study the probabilities (nuclear cross sections) ofihQ 
D-D and D-T reactions. Much of what is now known about 
the conditions under which these reactions will occur was 
determined in this manner. 

Another way of supplying energy to the nuclei is to raise 
the temperature of a gas consisting of the isotope (deute- 
rium) or isotopes (deuterium and tritium) that are to undergo 
fusion. The kinetic energy of an atom (or nucleus) is 



proportional to its absolute temperature*; hence, it is only a 
matter of attaining a sufficiently high temperature to permit 
fusion reactions to occur. This is precisely what happens in 
the sun. At first sight, it might appear that the situation is 
somewhat similar to that in which particles are accelerated. 
However, if the nuclei are confined in some manner, so that 
they cannot escape, the consequences are very different. 
Although many of the nuclear collisions in a high- 
temperature system result in scattering instead of fusion, the 
effect is a redistribution of energy rather than a loss of 
energy. Temperature and average energy are unchanged. In a 
confined space, the nuclei moving in random directions 
would collide repeatedly until fusion reactions take place. 

THERMONUCLEAR REACTIONS IN PLASMAS 

Thermonuclear Reactions 

Fusion reactions brought about by means of high tempera- 
tures are referred to as thermonuclear reactions. Strictly 
speaking, however, the adjective thermonuclear implies tem- 
perature equilibrium, in which the energies (and velocities) of 
the nuclei or other particles have a range (or distribution) of 
values determined by their random motion. The equilibrium 
energy distribution can be calculated theoretically, and it is 
found that, although most of the nuclei have energies in the 
vicinity of the most probable value, there are always some 
with lower and others with higher energies. It is the relatively 
small proportion of nuclei with these high energies— much 
higher than the average— that is responsible for the great 
majority of thermonuclear fusion reactions. 

The thermonuclear approach, through the use of very high 
temperatures, appears to be the most promising for con- 

'Temperatures on the absolute (or Kelvin) scale are obtained by adding 273 to 
(lie temperature on the Celsius (centigrade) scale (e.g., 2S''C = 25 + 273 = 298''K), 



trolled fusion. The actual temperature required depends on 
the particular fusion reaction that is being employed. From 
calculations based on measured cross sections, and other 
considerations to be described shortly, it has been deter- 
mined that a system for the release of energy by nuclear 
fusion of deuterium and tritium would have to operate at a 
temperature of about 100,000,000°K. The fusion of deute- 
rium alone would require even higher temperatures. 

It is evident, therefore, that exceptionally high tempera- 
tures, ..luch higher than the 15,000,000°K of the sun's 
interior, must be reached before useful thermonuclear fusion 
reactions can occur on eartl . Such temperatures have been 
achieved in a number of experiments; however, to release 
practical amounts of energy using thermonuclear fusion 
reactions, it is necessary to confine the high temperature 
gases for a longer period of time than has been attained to 
date. 

Plasmas: Fourth State of Matter 

At these very higli temperatures, essentially all the hydro- 
gen atoms will be stripped of their electrons. Such a gas, 
consisting entirely (or almost entirely) of positively charged 
nuclei {ions) and free negative electrons, is said to be highly 
ionized. A highly ionized gas is commonly caWcd a plasma. It 
should be remembered that, although a plasma contains free 
positive ions and free negative electrons, the numbers of 
positive and negative electrical charges balance exactly, and 
the plasma as a whole is neutral. Because of the presence of 
the electrically charged particles, plasmas have a number of 
interesting properties, some of these can be used to advantage 
in controlled fusion research, but others create unique 
problems. The unusual characteristics of plasmas have led to 
the revival in recent years of the expression, the ''fourth state 
of matter", first used by William Crookes in 1879, to 
describe them. 
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Critical Ignition Temperature 

In a reactor tliat would produce useful energy by fusion, 
energy would have to be supplied initially in order to 
establish the proper conditions (temperature and ion density) 
for the thermonuclear reactions to take place at a significant 
rate. Once these conditions are reached in the plasuia, they 
must be maintained long enough to generate recoverable 
energy by fusion at least equal to the amount supplied 
mitially to bring the reactor to its operating condition. If this 
requirement is met, the system would be described as "self 
sustaining". Any excess energy beyond that needed for a 
self-sustaining process would be available for use as a power 
source for external purposes. Thus, a fusion system must be 
at least self-sustaining for it to have any practical value. One 
of the conditions for a self-sustaining fusion reactor is the 
temperature, as will now be shown; another is related to the 
ion aeiisity ana tne confinement time (see page 21). 

At the very high temperatures necessary for nuclear fusion 
reactions, a plasma loses a considerable amount of its energy 
in the form of radiation. This loss taiccs place so rapidly that 
the energy would not be available for heating the reacting 
nuclei. The radiation energy i.s not lost entirely, because it 
can be absorbed and used to some extent. But it escapes from 
the region where it is needed to maintain the fusion re.jction 
temperature. Clearly, a system cannot be self-susta>ninj: 
unless the rate at which energy is produced by fusion exc. eds 
the rate at which it is lost from the plasma as radiation. This 
requirement determines the minimum operating temperature 
for a nuclear fusion reactor. 

Calculations have been made of the rate of energy 
production in a plasma by fusion, on the one hand, and of 
the energy loss by radiation, on the other hand, over a range 
of temperatures. At lower temperatures, the radiation loss 
rate is larger than the rate of energy generation and a 
self-sustaining reaction would not be possible. As the 
temperature is increased, both rates increase, but the energy 
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Figure 2. Evaluation of 
(he critical ignition 
temperature that is the 
minimum for a ther- 
monuclear fusion reac- 
tion to be self- 
sustaining, Below^ this 
temperature the rate 
of energy loss as radia- 
tion exceeds the rate 
at which energy is 
produced by the 
fusion reactions. 
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production increases faster than does the radiation loss 
(Figure 2). Therefore, above a certain temperature, called the 
critical ignition temperature, more energy is irio^iuced by 
fusion than is lost. At this temperature, a sell sustaining 
fusion reactor is theoretically possible, although a higher 
operating temperature would be needed in a system for 
producing significant amounts of fusion energy. For practical 
purposes, the minimum operating temperature for the 
deuterium-tritium reaction is believed to be about 

IOO,000,000°K and that for the fusion of deuterium alone is 
about 500,000,000^.* 
The energy loss calculations used in deriving critical 

ignition temperatures are based on the supposition rhat the 

*In nuclear fusion studies, temperatures are expressed in terms of the 
kilo^^lcctron volt or keV (I keV = 1000 electron volts). Thus, 1 keV is equivalent 
to a temperature of 1.16 x 10' degrees K or very roughly 10,000,000^. Hence, 
the minimum useful thermonuclear temperatures are thought to be about 10 keV 
for the D-T reaction and 50 keV for the D-D reactions. 
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energy consists solely of bremsstrahlung, which is radiation 
resulting from decelerating interactions between rapidly 
moving charged particles in the plasma, chiefly electrons 
interacting with ions. Moreover, it is assumed that the only 
nuclei in the system are those of hydrogen isotopes. The 
presence of nuclei of higher charge, that is, higher atomic 
number, will increase the rate of energy loss as bremsstrah- 
lung. Hence, impurities, and even the helium nuclei formed in 
the fusion reactions, will tend to raise the ignition tempera- 
ture. 

In addition, there is a possibility that, at very high 
temperatures, another kind of radiation loss may become 
important. This is the synchrotron radiation that is emitted 
by high-energy charged particles (electrons in particular) 
moving in a magnetic field; as will be seen shortly, .such fields 
play an important role in plans for achieving controlled 
lusion. However, whereas the fraction of the fusion energy 
lost as bremsstrahlung is the same for all plasma densities, the 
loss as synchrotron radiation decreases at higher densities. 
Consequently, the synchrotron radiation loss can probably be 
minimized by operating at the highest possible plasma 
density. 



PLASMA CONFINEMENT BY MAGNETIC FIELDS 
Need for Confinement 

Suppose, for the moment, that we know how to produce 
a deuterium-tritium plasma at a temperature of some 
100,000,000° or more. How is such a plasma confined? The 
difficulty does not lie in the very high temperature because, 
at the low gas densities in a fusipn reactor, the total energy 
content of the plasma would be insufficient to cause any 
significant damage to a containing vessel if the plasma were 
to come in contact with it. 



The problem arises from tlie loss of energy by the nuclei 
when they strike the walls of the container. At a teiiiperaturc 
of 100.000.000''. the nuclei (and electrons) in a plasma are 
moving randomlv in all directions at average speeds of several 
thousand miles per second. Consequently, wilh^i a small 
traction of a second, all the particles will have hit the walls of 
the containing ve.s.sel, as a result, they lose essentially all their 
kinetic energy. In other words, the plasma would be rapidly 
cooled. Even if the high-temperature plasma could be 
generated instantaneously, it would not last long enough to 
allow a significant number of fusion reactions to take place. 

A method must therefore be found to prevent the plasma 
particles from striking the walls of the containing vessel, hi 
this connection the electrical charges carried by the nuclei 
and electrons can be used to advantage. It is difficult for 
charged particles to cross the lines of force of a magnetic 
field. A plasma can therefore be confined by a magnetic field 
of suitable form. (See Photo 2.) The concept of magnetic 
confinement is often described as the use of a "magnetic 
bottle". Many different magnetic field arrangements have 
been proposed for the confinement of the high-temperature 
plasmas required for fusion reactions. Some of the more 
promising will be discussed later. 

Another possible type of confinement, called inertia! 
co)iJlnc})ient, which does not involve magnetic fields, has 
been proposed (see page 71). For the moment, however, we 
will restrict ourselves to magnetic confinement. 

Magnetic Confinement and Plasma Density 

A plasma, like n normal gas, exerts a pressure that comes 
from the motion of the particles present; this pressure is 
proportional to the absolute temperature and to the particle 
density (i.e., the number of particles per cubic centimeter). 
The maximum plasma pressure that can be confined by a 
magnetic field depends on the strength of the latter. Because 
there is a practical limit to the magnetic field strength,, there 



Piloto 2. Light emitted by plasma confined in a "magnetic 
but tie' \ 

i5 a corresponding limit to the ixirticlo pressure of ilio plasma 
that can be conlineil. Since the temperatures are extremely 
high, the other factor that ileterniines the particle pressure, 
namely, the plasma particle densit>. must inevitably be low 
so that it does not exceed the limit on the plasma pressure. 

In deciding upon the plasma densit>. another factor must 
be considered in addition to the magnetic field strength. The 
rate at which energ\ would be generated per unit \olume of a 
fusion reactor increases with the particle density. For energy 
to be released at a useful rate, therefore, the density must not 
be too low. On the other hand, it must not be so high that 
the nuclear fusion energ\ cannot be removed (and used) as 
fast as it is released. Both consideration of magnetic field 
strength and heat removal suggest that the plasma in a 
controlled fusion system will probably ha\e a density of 
10'** to 10'^ particles per cubic centuneter. This may be 
compared with 3X 10*^ particles (molecules) in a gas at 
normal room temperature aiid pressuic. At the temperatures 
that must be attained in a deuterium tritium fusion reactor, 
a density of 10'"^ particles per cubic centimeter would 




represent a pressure of about 200 pounds per square inch. It 
is this pressure that must be contained by the magnetic 
bottle. 

The Lawson Criterion 

In addition to the specifications of temperature and plasma 
particle density, a fusion reactor must satisly another 
condition. This is known as the La^^'son crilcrion because .t 
was first pointed out by J. D. Lawson in '^ngland in 195/. It 
is based on the requirement that, in a self-sustaining system, 
the reacting nuclei must be confined longcnougli .J produce 
sufficient recoverable energy by fusion to compensate for the 
amount supplied initially to heat the plasma. The criterion .s 
expressed as the product /ir, where n is the plasma density (in 
particles per cubic centimeter) and r is time (in secom..; for 
which the plasma of that density can be confined by the 
„K,gnetic field. For a practical fusion reactor, ,ir "U'st exceed 
about. lO''' for the D-T reaction and about 10 for the 
D-D reactions. 

Since the Lawson criterion is a product of particle density 
and confinement time, there is a range of conditions over 
which it can be satisfied. For example, if the density is at the 
lower practical limit of 10'" particles per cubic centimeter, 
the confinement time for the charged particles in a 
deuterium-tritium system must exceed 1 second On the 
other hand, in the vicinity of the upper limit of about 10 
particles per cubic centimeter, the confinement time would 
have only to be longer than 0.01 (i.e., one hundredth part) of 

" The"uiree esscnti=:l requirements for the production of 
useful energy by nuclear fusion are summarized on the next 
page For deuterium alone, the temperature require-l is higher 
and the confinement time is longer than for a mixture of 
deuterium and tritium. It is clear, therefore, that a deuterium 
fusion reactor would be more difficult to devise than one 
based on deuterium and tritium. This is the reason lor the 
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jSSENTlAL REQUIREMENTS FOR FUSION REACTORS 



Reaction 

D-T 
D-D 



Minim um 
tempera (uie 
CK) 

100,000,000 
500,000,000 



Paxticle density 
(per cm^) 

10»*-10»« 
10'*-10'« 



Minimum 
confinement time 
(seconds) 

1-0.01 
100-1 



..and, ,„e .^„J„, Jo:LZoul'oTZ°:l 
easier since i. wo„,d „o. .c,„ire ,„e ^.0*^0^''"" 

The Significance of Beta 

A magnetic field that confines a plasma effectively exerts a 

:::::: t:"tif ^"^""^''^ ^^^'^ piasm^rii 

™rMr;trr -the magnetic field is called 



beta = P'^sma particle pressure 
magnetic field pressure ' 



The va ue of beta for a confined plasma can range from I 
When the plasma pressure is equal to the magne t p s ur ' 
down to almost zero, w.,en the plasma • ressu're is L^' 

exceer:2%"""r""' ^° P^^^'"'''^' '^^^ 
scTpe f" ' P'^^'"^ --"J immediately 

escape from the magnetic field. The plasmas being studied in 
onnecfon with controlled fusion fall into two road 
agones: Hi,,, beta, in which beta is generally 0.5 or ml 

and lo^v beta with beta equal to about 0.2 or less 
If beta were exactly unity, that is to say, if thi plasma and 

magnet, pressures were equal, the magnefic field £" 0! 

there would be no magnetic field lines inside the plasma I. 
ract.ce, however, beta is invariably less than unity nd t 
anes of force of the magnetic field penetrate the plasn,a lo 
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some extent. The smaller the value of beta, the greater is the 
penetration of the plasma by the field lines. Nevertheless, the 
magnetic field can still confine the plasma as will be seen in 
the ne.Kt section. 

Motion of Plasma Particles in a Magnetic Field 

The presence of a magnetic field in a plasma causes the 
electrically charged particles to move in a particular manner. 
For example, in the absence of a magnetic field, an assembly 
(or plasma) of charged particles in a cylindrical vessel will 
move in straight lines in random directions and will quickly 
strike the walls (Figure 3a). Suppose, next, that a uniform 
(homogeneous) magnetic field is applied. The particles will 
now be compelled to follow helical (i.e., corkscrew or spiral) 
paths, as depicted in Figure 3b, encircling the lines of 
magnetic force. Positively charged particles spiral in one 
direction and negatively charged particles in the opposite 



Figure 3. Effect of uniform magnetic field on charged parti- 
cles. In (a), no field is present. In (b), a homogeneous 
magnetic field is applied. 




iTcction. As a rest.lt. tl>c particle, are not iVec to move 
cross t o nu.,netfc .lelcl ,i„es: access to the walls o t 
vcsei .s thus rostrictecl. l,, , sense, each particle is "tied" to 

The radius of curvature of the path of a charucd particle 
a^n. held line depends on three .actors: ( 1 ) the^stren o 
tl>o .uagnetic held. (2) the ma.ss of the particle, and (3) tl^ 
component o, the particle velocity in the direction a i. ' 
cs to the hne.s of Ibrce. The first two factors can b 

Other thinos being the same, the radius of the spiral's 

:,"?; r " the neld .strenut , and 

iTCctiy proportional to the n,a.ss of the particle. Hence for 
two parfcles with the .san>c n,ass (and electric char-e ' Z 
greener the magnetic field strength the smaller the^'spiral's 
nuhu.s. H.rthen„ore. in a plasma confined (and pene 
by given magnetic field, the electrons will njve in nu. 
t..mer sp.ra.tlK.w.o the much 1.^^^^^^^ 

\\c w.ll now con.s.cler the elTect of the riuht-an-le comno 
"cnt o, the particle velocity. Suppose in Figure t^^Z 



Figure 4. 77ie velocity 
of a panicle moving in 
given direction, indi- 
cated by V. can be 
ff'catcd niat/ieniatically 
(ts consisting of two 
cofnponents: One, v„, 
parallel to the mag- 
fietic field lines, and 
die other, v^. per pen- 
dicidar to the field 
lines, 
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the magnitude and direction of die velocity of a particle; this 
can be divided (mathematically) into two components, one. 
ni parallel to the magnetic field lines, and the other, I'l. at 
ri..ht ancles. The radius of the spiral path is then proportional 
to the t-oniponent I'l- The other component, i'i|. determines 
how last the particle travels in the direction of the lick! 
durinsi the course of its spiraling around the field lines. 

Two extreme cases of particle motion in a magnetic field 
are of interest. First, suppose the particle is moving at right 
anales to the line of force: i' is then the same as I'l, and v\\ is 
zero. The path of the particle would be a circle and not a 
spiral (or heli.x). since there is no motion along the field lines. 
The other extreme occurs when the velocity v is directed 
alone the lines of force: then v is equal to and I'l is zero. 
The radius of the spiral is now zero, and the particle travels m 
a direct manner along the line of force. Between these two 
extrciiics. there is an infinite number of possibilities. Thus, 
even m a uniform plasma contained in. a uniform magnetic 
field, there is a wide variation in the radius of curvature of 
the spiral paths and in the rate of progression of the particles 
in the direction of the magnetic field lines because of the 
many different velocities and their components. 

As a consequence of these variations in its spiral motion, a 
duip-ed particle will occasionally collide with others, both 
positive and neaative. As a result, the center of curvature oi 
the path can shift from one field line to another. In this way, 
it is possible for a charged particle to move across the lines ol 
force and there is a possibility that it will eventually escape 
the confininu action of the magnetic field. The process ot 
gradual escape of particles by motion across the field lines is 
referred to as plasma diffusion; more will be said about this 
phenomenon later. 

Particle Drift in Magnetic Fields 

There are other situations in which charged particles can 
move across 'the lines of force of a magnetic field; an 
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UNIFORM FIELD 






(a) 

Figures. Motion of a positively dmrgecl particle in (a) a 
homogeneous (unifonn) magnetic field and (b) an inhonio- 
geneom (nonuniform) magnetic field directed uinm-d per- 
pcuhculur to the plane of the paper. In (b), the field is 
stronger in the shaded region than above it. In this case the 
postttvcly charged particles drift to the right. Negatively 
charged particles would spiral around the line of force (and 
cinjt) m the opposite direction. 

important one .rises wlien tlie magnetic lieid is not iinilorm 
'.e., iniiomogeneous) in strengtii. Tiie particles no ion-er 
lollow a spiral path of constant radius because as sea, 
earlier, tlie radius varies inversely with tiie field strength The 
general behavior can be illustrated by considering a simple 
example. ' 

Let the magnetic lield lines run perpendicular to tlie plane 
01 the page .so that a line of force appears as a point. If the 
I'eld IS uniform, the spiral path of a charged particle is then 
represented by a circle, as in Figure 5a. Suppose now that the 
magnetic held is nonuniform and varies in such manner that 
It .s stronger below a horizontal line and weaker above the 
l.ne n-.gure 5b). The radius of curvature of the particle's path 
IS then smaller below the line than it is above, as .shown The 
• net result is that the changed particle drifts to the rioht 
acrcss the field lines, and may reach the walls of "the' 
containing ve.s.sel. 

The particle drift in a nonuniform field is in a direction 
perpendicular both to the magnetic field (out of the pa-e) 
and to the direction in which the field strength varies (..top'to 
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bottom). Since purticlcb with different electric charges spiral 
in opposite directions, the positively charged particles 
(nuclei) drift in one direction while the negative particles 
(electrons) drift in the opposite direction. Thus, in the case 
represented in Figure 5b. the nuclei move to the right and the 
electrons to the left. The separation of po.sitive and negative 
charges generates a local electrical field, and now the particles 
are subjected to both electrical and magnetic forces. The 
combined action causes a motion of ions and electrons, that 
is, the plasma as a whole, in the direction of decreasing 
magnetic field. This drift can result in the plasma moving to 
the" walls of the containing vessel. Specially shaped magnetic 
fields are commonly used to eliminate or reduce plasma drift 
in nonuniform fields. 

As seen above, tlic tendency for positively and negatively 
changed particles to drift in opposite directions results in the 
development of an electric field that then causes motion of 
the plasma as a whole. The same situation is produced in 
either uniform or nonuniform magnetic fields if an electric 
lield IS deliberately applied in a direction perpendicular to 
the magnetic field lines. The charged particles travel in paths 
similar to those shown in Figure 5b, except that both positive 
and negative particles now move in the same direction. 
Consequently, the plasma as a whole tends to drift across the 
magnetic field with no tendency for charge separation to 
occur. 

Open-ended and Closed Confinement 

Magnetic confinement systems fall into two general cate- 
gories, depending upon whether the vessel, chamber, or tube 
containing the plasma is open ended or closed. In an 
opcn-ciukd umingcinciit, like a cylinder, the magnetic lines 
of force run parallel to the length (axis) of the cylinder, as in 
Figure 3b. Escape of plasma to the walls is hindered as a 
result of the difficulty experienced by the charged particles 
in crossing the field lines. Escape through the open ends 




DISTANCE ALONG CYLINDER 



figure 6. //, a magnetic minor system, the magnetie field at 
the ends oj a cylinder containing a plasma is stronger than in 
the central region. Electrically charged particles approaching 
the mirror regions (stronger magnetic field) in certain 
directions are turned back (i.e.. reflected) and so are 
prevented from escaping at the ends of the cylinder 



along tlic lines of force can be almost entirely prevented by 
liaving tile magnetic field much stronger at the ends than at 
tlic center of the cylinder (Figure 6). Such an arrangement is 
called a magnetic mirror because, under suitable conditions 
tile charged particles moving toward the end, where the field 
•strength is highest, will be reflected back toward the region 
ot lower Held strength. In fact, the particles may be rellectcd 
back and forth, from one mirror to the other, many times 
beiore they ultimately escape.* The magnetic mirrors thus 
serve as partial 'stoppers" for the open-ended containing 
vessel. * 

Clo.s-ed magnetic confinement .systems are generally in the 
'onn 0/ a torus, that is, a doughnut-shaped hollow chamber. 




i./eS.c'lTe u.'m'! °f '^"^"S''' particles surrounding ,he ear.l, owes 

poles, where rencctioii oceurs, than near the equator. 



The magnetic lleKI lines are closed and charged particles 
cannot escape by traveling along the field lines, but the 
plasma can drift to the walls, especially if the magnetic field 
IS nonuniform. Suitable .stop., must then be taken to decrease 
this effect. 

The magnetic fields for confining plasmas are generated by 
electric currents. Two cases are of interest in connection with 
the confmement of plasmas. For purposes of illustration, we 
wiil vonsidcr a toroidal containment chamber, bearing in 
mind that tlie conclusions reached are equally applicable to a 
plasma in an open-ended vessel. 

In Figure 7a, the electric current is passed through rings 
surrounding the torus; these may be separate or they may be 
connected in series to form a coil (or solenoid). The current 
flows in the same direction in all the rings, or the turns, of a 
coil. The magnetic field thus produced is described as a 
loroukil jiehL it is also referred to as a lotmnidimil field or, 
especially in a straight tube, as m axial fiekl In Figure 7b, 
the current flows through the plasma or in a metal rhg^ 
suspended within the torus; the resulting magnetic tlcld is 
called a poluidal field or soineiimes an ^/r/m/////a///c>W. These 
two types of fields— toroidal and poloidal — play important 
roles in the confinement of plasmas. 



Plasma Diffusion 

Suppose a plasma could be confined in a cylindrical tube 
by a uniform magnetic field in the direction parallel to the 
tube axis, as in Figure 3b. In the absence of collisions, the 
electrically charged particles would simply spiral along the 
field lines without crossing them. As noted earlier, however, 
because of the variations in the characteristics of the spiral 
motions, collisions inevitably occur. If two ions collide, 
fusion may result, but collisions of electrons with ions may 
cause the plasma to diffuse across the lines of force and 
escape from confinement. 



The .simplest type of plasma dimision. resulting Irom 
particle collisions, is called classual dijjimon. Loss of plasma 
Ironi a conliniiig magnetic Held as a result of this dilTusion 
cannot bo avoided, but calculations show that the effect is 
not serious. Moreover, by increasing the niai-netic field 
strength, the spiral paths of the charged particles'arouiul the 
liold lines become tighter (i.e., they have a smaller radius of 
am-ature) and collisions are less frequent. It is expected 
tlierelore. that in an operating nuclear fusion reactor in' 
which a strong magnetic field is used to confine the plas'nui 
losses due to classical dilTusion will not be important. 




Figure 7. .1,, electric current is always associated with a 
magnetic field perpendicular to the direction of current flow 
A toroidal magnetic field is shown in (a) and a poloidal 
magnetic field is shown in (b). Similar magnetic fields can be 
produced in a linear (cylindrical) tube in an analogous 
manner: the field corresponding to (a) is then called an axial 
magnetic Jield. 
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riieoretical studies indicate, however, that chissical diffu- 
sion is modified (and increased) in a system with closed 
magnetic field lines (e.g.. in a torus). The curvature in the 
lines of force causes an increase in the diffusion rat^ In 
addition, the schemes used to minimize plasma drift arising 
from nonuniformity in the confining magnetic field (page 25 
etsc(i.) can also affect the diffusion rate. These schemes 
generally involve a combination of toroidal and poloidal 
magnetic fields that lead to local variations in the net field 
strength. In some circumstances, such variations can increase 
the plasma diffusion rate by permitting the charged particles 
to move across the field lines. By taking these arguments into 
consideration, calculations have been made of what is called 
iwoclassiccil diffusion. Although the diffusion rates are 
substantially higher than for classical diffusion, they are still 
not considered to be high enough to prevent the operation of 
a useful fusion reactor. 

Another t>pe of plasma diffusion at one time presented a 
serious threat to magnetic confinement for controlled fusion. 
It is actually a form of plasma instability and it will be 
described shortly. 

Plasma Instabilities 

A plasma in a magnetic field has a tendency to be unstable; 
as a result, it can break up and escape from confinement by 
the field. Plasma instabilities are due basically to the presence 
of electrically charged particles; the electric and magnetic 
fields produced by their motion cause the particles to act in a 
collcaivc (or cooperative) manner. An example of such 
collective action is the drift of a plasma in a nonuniform 
magnetic field, described above. Similar collective effects give 
rise to plasma instabilities. These instabilities fall into two 
broad categories called gross liyclromugnctic instabilities and 
more localized mcroinstabHities. 

Suppose a small displacement of a plasma occurs in a 
magnetic field, if the system reacts in such a way as to restore 
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the original condition, then it is stable. In the case of a 

hyclromagnetic (or gross) instability, however, the plasma 
does not recover, but the displacement increases rapidly in 
magnitude. The whole plasma may then break up and escape 
even from a strong magnetic field. 

Microinstabilities, as the name implies, are on a small scale 
compared with the dimensions of the plasma. Asa rule, these 
instabilities do not lead to complete loss of confinement, but 
rather to an increase in the rate at which the plasma diffuses 
out of the magnetic Held. Microinstabilities apparently result 
from the interaction of electrically charged particles with 
electromagnetic waves, similar to radio waves, in the plasma. 
They are, therefore, sometimes called wave-partkle imtch 
hilitics\ Under certain conditions, the energies of the charged 
particles can be repeatedly added to the waves so that they 
grow in amplitude. As a ivsult. a high-frequency turbulence 
can develop in the plasma that makes its escape from the 
confining field easier. 

One of the most serious consequences of turbulence, 
especially in toroidal (closed) systems, is called /ioinn 
(/ifJusioiL-^' Little attention was paid to Bohm diffusion untrl 
the early 1960s when its importance in controlled fu.sion 
studies became very apparent. The rate of Bohm diffusion is 
so high that, unless it could be controlled, the realization of a ' 
practical fusion reactor with magnetic confinement was 
con.sidered to be almost impossible. 

The ability to understand and overcome plasma instabilities 
is vital to the success of the controlled fusion research 
program. Consequently, the highly complex problems in- 
volved have been the subject of extensive exixMinienULland' 
theoretical studies. As a result of the step-by-step imerplay 
between theory and experiments over a period of years, 
considerable progress has been made. 



So called because it wa.s first mentioned in a report, published in 1949, by 
I). Hohm and others of observations made during World War 11 on a weakly 
ioinVcd arc plasma in a magnetic field. 



Magnetic field conllgurations have been devised in which 
hydromagnetic (gross) instabilities are no longer a serious 
problem. In systems using toroidal magnetic fields, microin- 
stabilities have not been significant, except for Bohm 
diffusion in some cases. Fortunately, there are operating 
conditions lor which this phenomenon is largely suppressed 
and the observed diffusion rates are in fair agreement with 
the classical or neoclassical requirements. 

Several different kinds of microinstabilities have been 
identified m straight, open-ended (mirror) systems, but they 
have been controlled. Other types have been predicted 
theoretically but not >et detected; should they occur, means 
have been proposed for dealing with them. Methods are also 
known for suppressing hydromagnetic instabilities in mag- 
netic mirror confinement and these will be described in due 
course. In mirror systems, loss of plasma as a result of 
instabilities is now a much less serious problem than escape 
out of the ends of the confining tube (page 63). 

Studies of high-temperature plasmas during the past 
20 years or .so have been full of surprises, most of them 
unpleasant. However, there is now a general feeling of 
optimism among scientists that plasma instabilities are 
reasonably well understood. It appears that they can be 
controlled, at least to the extent that they will not interfere 
with the realization of a fusion reactor. Indeed, some 
instabilities are now being utilized to heat plasmas. 



Factors Affecting Confinement Times 

The time for which a plasma can be confined by a 
particular magnetic field arrangement is one of the factors in 
the Lawson criterion. It is desirable for the confinement time 
to be as long as possible and this means keeping the various 
types of plasma diffusion to a minimum. We are assuming, of 
course, that hydromagnetic instabilities have been controlled. 
Diffusion rates and hence confinement times can be changed 



by varying such quantities as magnetic field strength, plasma 
temperature, and the dimensions of the containing chamber. 

When Bohm diffusion does occur, it increases with tem- 
perature, thus leading to shorter confinement times at higher 
temperatures. It now appears, however, that Bohm diffusion 
can be avoided if the cliarged-particle mean free path (i.e., 
the average distance a particle travels between successive 
collisions) is long in comparison with the dimensions of the 
containing vessel. High temperatures and low densities lead to 
an increase in mean free path and thus to a decrease in Bohm 
diffusion. 

Under conditions that result in mean free paths that arc 
long in comparison with the plasma dnnensions, neoclassical 
diffu.sion predonu'nates and, fortunately, the confinement 
time increases markedly as the temperature is raised 
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Figure 8. Plasma conjmeiiient time as a jwiLtion of electron 
temperature: the confinement time increases with plasma 
temperature. The broken line shows the variation expected 
for classical ( or neoclassical) diffiision. 
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Figure 9. The nutjor radiiLs of a ionis is R and (he minor 
nulius is r: ilie aspect ratio is R/r. 

i 

(FiguivS). IncrcMse in iiKignetic field strengtli increases the 
plalnui confinement lime tor all types of ditTusion and the 
relative increase is greater for classical and neoclassical 
ditTusion than tor Buhm ditTusion. These tacts explain why 
losses by ditTusion across the magnetic field lines are 
expected to be of minor significance in a fusion reactor in 
which a .strong magnetic field would be used to confine a 
plasma at a very high temperature. 

The geometry ot\i torus is determined by lis major radius, 
R, imd its minor radius, r (Figure 9); the ratio of the major 
radius to the minor radius (\x,,R/r) is called [he aspect ratio 
of the torus. For a given aspect ratio, the confinement time 
with respect to ditTusion increases as the square of the minor 
radius: that is »ay, if the minor radius is increased by a 
tactor of 2, the confinement time is increased (2)^ =4 told. 
This IS a usetul method tor increasing confinement times. For 
neoclassieal ditTusion, the confinement time can also be 
increased by decreasing the aspect ratio of the torus. In a 
fusion reactor, the toroidal containment chamber may thus 
resemble a large doughnut with a moderately small central 
hole. Experiments are under way to determine if some new 
type of plasma instability (or ditTusion loss) occurs in a 
reaction chamber of this shape. 



Ill a magnetic mirror system, liigli temperatures and strong 
magnetic fields are helpful in increasing the confmcnicnt time 
for diffusion across the field lines, but no advantage is to be 
gained by increasing the radius of the cylindrical containing 
vessel. Confinement times then depend on classical diffusion* 
and on the extent to which microinstabilitics can be 
controlled, assuming that hydromagnctic instabilities are 
essentially absent. Experimental measurements have con- 
llrmed the theoretical prediction that microinstabilitics can 
be decreased by reducing the - .ance between the magnetic 
mirrors that serve as partial stoppers of the open-ended tube. 



EXPERIMENTS WITH PLASMAS 

Plasma Formation 

Once a thermonuclear fusion reactor begins operation, the 
temperatrrc should be high enough to ionize the injected 
deuterium-tritium or deuterium gas and to convert it into a 
plasma. In starting up, l.owevcr, and also in controlled fusion 
research, it is necessary to generate a plasma by special 
methods, 'nie simplest way of forming a plasma is to pass a 
high-voltage electrical .discharge through a gas; this is done, 
for example, in tluorescent and neon lamps. High-frequency 
alternating electric fields, such as are employed in radio 
communications, are particularly useful for producing partial 
ionization (or "breakdown") of the gas. The weak plasma so 
formed is an electrical conductor, and further ionization can 
be readily achieved by means of a direct current or a 
low-frequency alternating currejit. If a high voltage is to be 
applied to the gas in any event, as is sometimes the case, the 
breakdown stage may not be necessary. 

The discharge method is used when the plasma can be 
formed directly in the containing chamber. In some expcri- 



*N'cocla)isic;il diffusion occurs only in a toroidal sy.steiii (see page 31). 
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mental systems employed in controIlccS fusion research, 
plasma or liigh-onergy particles are produced outside and 
various devices are used for injection into the chamber. 
Among such devices are ion sources and plasma guns. In 
general, a plasma is produced by an electrical discharge, and 
it is then accelerated by an electrical field or by a 
combination of electric and magnetic fields into the experi- 
mental vessel. 



Plasma Heating 

Several methods have been proposed for attaining the very 
high temperatures required for nuclear fusion reactions. For 
temperatures up to a few million degrees K, a deuterium- 
tritium or deuterium plasma can be heated by passing an 
electric current through it. The procedure is called olimic 
heating (or resistance heating) because it depends on the 
resistance (in ohms) of the medium carrying the current. The 
principle is the same as in an ordinary electric light bulb or an 
electric heater. To heat a plasma in this manner, the current 
is generally induced from outside, to avoid the need for 
inserting electrodes into the gas. As the temperature in- 
creases, the resistance of the plasma decreases and eventually 
becomes too low for resistance heating to be useful. 

A number of techniques have been developed for heating 
plasmas to higher temperatures: One method is based on 
compression of the plasma by a magnetic field. It is well 
known tiuit a gas can be heated if it is compressed with a 
pump or in any other convenient manner. Similarly, a plasma 
is heated if it is compressed by suddenly increasing the 
strength of the confining magnetic field. As seen earlier, a 
maiinetic field exerts a pressure on a plasma of charged 
particles. By increasing the strength of the field, the confined 
plasma can be compre.s.sed and heated, if two or more 
successive stages of magnetic compression are employed or if 
the plasma is preheated prior to compression, very high 
temperatures can bo attained. 
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A O her procedure .s based on the injection of high-energy 
>u.tn.l atoms nuo a magnetic field. Neutral atoms cannot be 
:u^^ce ierated to high velocities (or high energies) directly and 

ons^'with' '^^"t^^rium 
oh - 000 volt (I kilo-electron 

volt - 1000 electron volts) range are generated in an ion 
source, and the resulting high-energy ions pass into a 
Kunber contaming neutral deuterium gas. Here a cMrge 
c ^cfuu.sc occun;; the higi,-energy ions transfer their charge to 
low-energy neutral deuterium atoms (0°), that is, 

(high energy) -t- 0° (low energy) 

D° (high energy) -t- (low energy). 

The result is the formation of a stream of high-energy neutral 
c^u^ru-m atoms that enter the magnetic field regitn. ,f t,u 
region Iready contams some charged particles, such as a 

on..o hem. Hence, a high-energy plasma will be formed and 
trapped within the magnetic field. 

If a strong turbulence occurs in a plasma, the plasnu. will 
tc Kl to become unstable and escape from the nu.gnetic field 
riiore are n.d,cat,ons that turbulence not severe enough to 
c u-se s.g„,„cant instability can be induced in a plasnj. y 
applying an electric field for a very short tin>e. After the field 
s re„,oved, the turbulence dies out and the energy 
-"slerred to the plasnu.. which n,ay thus be heated to hi«h 
temperatures. 

A proce.ss called nu.sncNc ,nnn,mg has been proposed for 
- t m Pl,,„ ^ ^^^^^ . ^^^^^^^^^^^^^^ . ^ o 

more reg,on.s by nu.gnetic coils whereby the local nu.gnetic 

r ' ^ s :.':;,;,r "r-.-' "y'-^e... 

iriiiiini. ' radioactive (and c.vpciisivc) 
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field strength is contiiuioiisly increased and decreased in 
rapid succession. Wlien the field is increased, the plasma is 
compressed and heated, but, during the subsequent decrease 
in field strength, the plasma expands and is cooled, if the 
frequency of the alternations is chosen correctly, the heating 
during the compression phase exceeds the cooling in the 
expansion phase. The net result is that the plasma is heated. 

An approach somewhat related to magnetic pumping is the 
ion cyclotron method of plasma heating. By adjusting the 
alternating frequency of the local magnetic field so that it is 
slmhtly lower than the frequency at which the ions spiral 
about the confining magnetic field lines, a wave motion 
develops in the plasma. The damping of these ion cyclotron 
waves results in the conversion of their energy into heat. In 
electron cvclotron lieating, electron cyclotron waves are 
produced in a similar manner. The plasma is then heated by 
the damping of these waves. Plasma heating is also being 
studied with waves at other (lower) frequencies. 

In addition, the generation and heating of plasmas by 
mean.s of laser light beams, intense beams of high-energy 
electrons, microwave radiation, and shock waves are receiving 
increasing attention. A different application of laser heating 
in controlled fusion is described on page 71. 

Plasma Diagnostic Techniques 

In studying the behavior of magnetically confined and 
heated plasmas, it is necessary to determine such properties 
as tempeiatuie, pressure, electron and ion densities, electron 
and ion energies, magnetic field distribution, current 
.strencth. and extent of thermonuclear reaction. The experi- 
mental procedures used to obtain such information are 
referred to as -'diagnostic techniques". The nature of plasmas 
is such that considerable skill and ingenuity are required to 
apply these techniques and to interpret the results of the 
measurements made. Some plasma properties that are being 
studied and the methods employed are summarized in the 
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produced .n tus.on reactions, the number and energy of these 
parnc es berated provide son. indication or the'exlnt ^ 
such r actions. Detailed explanation of these procedures is 
beyomi the scope of this booklet, but the listing indicates the 

.np.ex.ty oi plasma research and the variety of equipme 
and techniques in use. 



PLASMA DIAGNOSTIC TECHNIQUES 



Quantity measured 



Plasma current 
IMasrna pressure 

(iistribution 
Electron density 
Ion density 

Plasma density 
tieetron energy 
and temperature 

Ion energy and 
it'niperaturc 

Klectricand 
magnetic fields 

Neutron emission 



Diagnostic method 



Current shunts; current transformers (Rogovsky coils) 
Magnetic probes; piezoelectric crystals 

Microwave interferometer; Thomson scattering 
Optical spectroscopy (Stark effect): 

Langmuir probi\s 
Laser interferometer 
Microwave emission; X-ray emission; 
Langmuir probes; Thomson scattering; 
optical spectroscopy 
Optical spectroscopy (Doppler effect); 

mass spectroscopy . 
Magnetic probes; Hall-current probes; optical 

spectroscopy (Zeeman effect); thallium ion beams 
Horon counters; scintillation detectors; silver 
or indium foil activation 



HIGH-TEMPERATURE PLASMA STUDIES 
Understanding Plasma Behavior 

With ti,c facts already presented as a background, it is 
possible to outline some of the more important experimental 
researches on plasmas, as related to controlled fusion now 
being conducted. Because the behavior of magnetically 
confined plasmas at high temperatures is so complex, several 
different lines of investigation are being followed. Basically 
the approaches differ in the arrangement' (or geometry) of 
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Photo 3. /^i(/;.v lu^er interference patterns (interferugranis) 
are used to detenniue particle densities in a plasma. The 
upper photograph shows the pattern obtained in the absence 
ol a plasma, the loner one is the interferogram obtained with 
a plasma. Each circle in the central region corresponds to a 



specific particle density. 
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the magnetic field for confining the hot plasma. The purpose 
o this many-pronged attack is to study the properties of 

SnlvTv ""f ' confinement conditions. 

Only by understandmg these properties will it be possible to 
develop a reactor for producing useful power from controlled 
nuclear fusion. '"uucu 

At present, four general classes of magnetic confinement of 
high- temperature plasmas are receiving major attention by 

he stellarator, (c) the tokamak, and (d) magnetic mirrors If 
the required conditions of plasma temperature, density and 
confinement time can be realized in any ;ne of ihese 
systems, scaling up to a practical fusion reactor would seem 
to be possible. In addition, studies are being made with 
devices hat do not directly form the basis of reactors but are 
•"tended tor investigating plasma behavior, especially as 
related to stability. h « ny as 

Low-Beta Pinch 

I" the phenomenon known as the pinch effect, an electric 
current flowing through a plasma produces a poloidal 
magnetic field, as in Figure 7b, which confines the plasma In 
a toroidal chamber, the current is induced in the plasma from 
outside m the general manner shown in Figure 10. The torus 
containing the plasma passes through an iron yoke that forms 
he core of a transformer. The primary circuit is wound 
around he yoke whereas the plasma acts as the secondary 

th'rolh the ''"^'"S) current is passed 

through the primary, a corresponding current is induced in 
the plasma, thus generating the magnetic field that both 
confines and compresses (i.e., pinches) the plasma. An early 
stage of pinch formation is represented in Figure II 

Wlien the pinch effect was first proposed for plasma 
connnement, there were hopes that the plasma would also be 
heated. Part of the heating would be resistance heating 
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TRANSFORMER 

Figure 10. A varying current passed through the primary coil 
induces a corresponding current in the plasma (contained in 
the torus) acting as -the secondary of the transformer. In 
some cases, /wo identical yokes with primary coils may be 
used (see Figures 13 and 15). 

caused by the flow of electric current in the plasma, and part 
would result from compression by the strong poloidal field. 
Although such heating did occur, it soon became apparent 
that the pinched plasma was highly unstable and did not 
persist for more than a few millionths of a second (Photo 4). 
This time was too short for the production of a significant 



Figure il. Representation of the pinch effect in a toroidal 
tube. The darker ring is the plasma in which an electric 
current is induced; the circles surrounding the plasm 
indicate the poloidal magnetic field produced by the current. 
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Photo 4. Thi: bright horizontal strip in the center of the 
upper picture is a portion of a pinched plasma M it is 
stable. A few millionths of a second later it breaks up. owing 
to the development of instabilities-, as seen in the lower 
picture. 



amount of fusion energy, even if the temperature had been 
high enough. 

Theoretieal studies indieated that it might be possible to 
overeome hydromagnetic instabilities of the pinehed plasma 
by trapping within it a toroidal magnetic field. The basie 
Uiought was that the field lines running around the torus (see 
Mgure 7a) would aet as a sort of stiffener, so that it would be 
more diffieult for the plasma to break up. Another stabilizing 
device is the inclusion of a metal shell either within or 
outside the toroidal chamber. These procedures undoubtedly 
increased the plasma stability to some extent but did not 
ciminate instabilities entirely. Furthermore, it was foupd 
that the stabilizing magnetic field included in the plasma 
opposed the pineh action and thus limited the compression 



The pinch effect, just described is called a Z pinch, wiiereZ 
stands for the longitudinal direction around the torus. It is 
also referred to as a low-beta pinch because the plasma 
particle pressure is small in comparison with the magnetic 
field pressure, (i.e., beta is small). At one time, studies of 
low-beta Z pinches played an important role in controlled 
fusion research. But in recent years, the activity has 
diminished and is now largely concerned with the effort to 
understand and overcome instabilities in low-beta plasmas. 

High-Beta Pinch 

In the simplest form of the higii-beta pinch, a wide 
sin"le-turn coil surrounds a tube containing a plasma at 
ordinary temperature (Figure 12a). By using a bank of 
capacitors (see Photo 5), a powerful current is suddenly 
switched into the coil; this generates within the tube a 
sharply increasing magnetic field in the direction parallel to 
the axis. The situation is similar to that in Figure 7a, except 
that a single coil around a straight tube is used instead of a 
series of coils around a torus. 

The surface of the plasma forms a cylindrical sheath that is 
driven rapidly inward by the fast-rising magnetic field as 
indicated in Figure 12a. The plasma is consequently heated 
by a shock originating from the moving sheath followed by 
compression (or pinching) when the magnetic field increases 
more slowly. As the field reaches its maximum strength, 
there is a relatively quiescent phase in which the plasma is held 
in a cigar-like shape as depicted in Figure 12b. However, in a 
short time, the plasma is lost by escape from the ends as 
shown by the arrow. 

The current that generates the magnetic field runs around 
the containing tube in what is called the theta (Greek, 0) 
direction. The elTect observed is thus referred to as a iheta 
pinch. Since tiie plasma is strongly compressed, its pressure is 
high and so also is the beta value. This is why the fast 
magnetic-compression phenomenon just described is termed 
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(b) 

F^ure 12 Development of a theta pinch: (a) shock-heating 
phase, ami (b) quiescent compression phase. 

the high-beta thota pinch. As will be seen shortly, high-beta Z 
pinches arc also possible. fe" "tia z. 

Experiments on linear (open-ended) theta pinches have led 
o the production of denterit.m plasmas with temperatures in 
5 X and densities up to about 

^ X 10 particles per cubic centimeter. Nuclear fusion 
reactions have been observed under these conditions. How- 
ver because of the rapid escape of the plasma, the 
CO nnement times have been very low, generally a few 
n Hhon hs 0 a second, so that the maximum Lawson Z 
product has been roughly 2.5 x 10" , compared with at least 
lU required for a deuterium-tritium system 

Tlie confinement time of the plasma in a linear theta pinch 
IS hnntcd by the escape of plasma from the ends. One 
possible way whereby this escape can be prevented is to bend 
the tube into a circle, i.e., a torus, so that the two ends close 

Photos. Some thermonuclear research requires laree 
amounts of electricity in short pulses. The photo shorn the 
capacitor bank for Scyllac, a toroidal theta-pinch device, at 
the Los Alamos Scientific Laboratory. The full toroidal 

Js loT'T T '''' f^^^'^^^^y bank capacitors, 
15.000.000 foules o/ stored energy, 60,000 volts maximum 
bank voltage, and 130,000,000 amperes maximum current 



on ihtMnbclves. Altliough there will be i»o ends from which 
the plasina can leak awav, losses to the walls will be possible 
and methods are being developed lo niiiiiinize theni. Experi- 
ments are under wa\ to test the feasibility of establishiiisi a 
fairly stable toroidal iheta pinch (see page 7*^). it is expected 
that ultinialel> the magnetic fields will be programmed so as 
to provide distinct shoLk-healing and Lompression phases. 

The linear thcta pinch is remarkably free from gross plasma 
instabilities that would drive the plasma as a whole to the 
walls of the tube. This is indicated clearly by the laser 
interference patterns in i^hoto 6, taken at various times 
during the quiestcnl phase. The number of interference rings 
produced b> the plasma decreases, indicating a decrease in 
density due to losses, but there is no appreciable change in 
location or circular cross section of the plasma. Furthermore, 
other observations show that, at least at temperatures of 
about LOOO.OOO°K, the loss of plasma by diffusion across 
the magnetic fields lines is approximately classical and is very 
much less than would result from Bohni diffusion. A similar 
situation is expected to exist at the higher temperatures 
re(|uired for a nuclear fusion reactor. 

Although the linear, high-beta theta pindi appears to have 
little or no hydromagnetic instability, theory suggests that 
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Photo 6. L/^cr iiucrfcrugrutih uj a theta pUith at succe^^ive 
timci^ (ill niilliuiitin of a t^etund) after fonnation. The 
t/t't/vt/6t' /// the number of interferente rings indicate:^ tlie 
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^iich instability ina> ocair in a toroidal tlicta pinch. Various 
methods arc being considered whereby this type ot instabdity 
can be controlled when a toroidal chamber is used to 
eliminate esca|)e or|)lasma from the ends. 

In view of the success of the high-beta theta pinch, there 
ha-s been a revival of interest in the Z pinch, using the same 
la^t magnetic-eom|)ression concept to obtain high-bcia 
plasmas. L^|>erinients were first made by passing an electric 
current through a ivtraight tube in .such a manner that a 
rapidly increasing poloidal magnetic field was produced. The 
results have been so |)romising that a toroidal, high-beta Z 
I>inch system has been built. li>droinagnctic in.stabilities are 
expected, jusl as in the theta pinch, but it is hoped that they 
can be overcome. 

Stellarator Systems 

It would seem, at first thought, that a simple way of 
confining a plasma in a torus would be by means of a toroidal 
field obtained in the manner shown in Figure 7a. Apart from 
losses by diffusion acros;<r the "field lines, the electrically 
charged particles might be expected to spiral endlessly 
around the lines of the magnetic field. Unfortunately, this is 
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gradual disappcarantc of the phisma but ih lotaiiuii remains 
unchanged. 
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not the case. Because the inner circiiniforeiice of the torus is 
shorter than the outer circumference, tiie coils carrying the 
electric current must be closer on the inside than on the 
outside. Consequently, the magnetic field is strongest near 
the inner urcumference and it becomes progressively weaker 
in tlic outward direction. In other words, the field is 
noniuiiiorm (inhomogeneoiis) over the minor cross section ol 
the torus. In view of the jpguments developed earlier, it is 
evident that the plasma as a whole will drift toward the outer 
wall, that is, in the direction of the weaker magnetic lield. 
Confinement is thus not possible. 

In a ring-shaped tube or, in fact, in a closed tube of any 
shape, such as an oval or race track, that lies in one plane, 
each line of force closes upon itself as it is followed around 
the tube. In all such tubes, the magnetic field is inhomoge- 
neous. and plasma drift must take place. It has been shown, 
however, that if the nuignetic field is distorted or twisted m 
such a way that the lines of Ibrce do not close upon 
themselves after making one complete circuit, the plasiua 
drift will be greatly reduced or even eliminated. This is the 
basic |)rinciple of the siellamior .system. 

In the earlier models of the stellarator, the required result 
was achieved by twisting the tube into the shape of a figure 
eight, somewhat like a pretzel, so that it was no longer in one 
plane. Later, it was realized that the .same result could be 
achieved in a closed planar tube by using two sets of 
magnetic field coils. One set. called the confining field coils 
(Fittun; 13). is of the simple type for producing a toroidal 
field (compare Figure 7a). The other, indicated as tha helical 
(slahiliznig) wimlingy with current flowing in opposite 
directions in alternate turns, provides the required twist. 
I hese windings also provide a degree of stabilization against 
hydromagnetic instability, for convenience in adding various 
pieces of eciuipment. stellarators have generally been con- 
structed in the form of a race track, but this is not essential. 
In fact, circular (toroidal) chambers may be less subject to 
diffu.sion losses. 
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In the operation of a stcllarator, formation and heating of 
the plasma aregcncrall> accomplished in three stages. First, a 
radiu-frcc|uenc> discharge is used to preionize the deuterium 
,(or other) gas in the tube. The resulting weakly ionized 
plasma is confined by the magnetic fields, and a toroidal 
current is then induced from outside by means of a 
transformer with an iron >oke (see Figure iO). The ionization 
of the plasma is thereby increased, and its temperature is 
raised by resistance heating to about 1, 000,000° K. For 
reasons that will be apparent shortly (page 56), this ap- 
proaches the maximum possible for resistance heating. 
lleuLC, subseiiucnt increase of temperature must be attained 
in other ways, such as ion cyclotron heating or magnetic 
pumping. 



CONTAINING TUBE-' 

Figure 13. Rcpw^cfitutiufi of u ratctruck (planar) stellarator. 
CHiL ^'jnjiiiiHg Jh'kl ujils and the helical winJings go around 
the entire tube, but parts are omitted in the diagram for 
.siniphtit}.) The field Loih produce the toroulal magnetic 
Jield. and the helical windings, with current passing in 
opposite directions in adjacent turns, provide the twist for 
stabilizing the plasma. 
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Ill stellarators and similar devices in which the niamielic 
lield linos arc twisted in the manner indicated above, there is 
ail upper limit to the toroidal current that can be passed 
tlH-ouizh the plasma. This limiting current is known as the 
KniKkal-Sluifranov limii. aftei M. D. Kruskal of the United 
States and V. D. ShaiVanov of the U.S.S.R. who predicted it 
iiulependently. If this limit is exceeded, the plasma develops 
a hydroniagnetic instability called the A//,A instabilUv (see 
Hgiire 14). Suppose that a small kink (actually a helical 
distortion) develops in the plasma, as indicated in Figure 14 
Ilic hues or force of the encircling magnetic field are closer 
together on the inside (bottom) than on the outside (top) of 
tlie kink. The field strength is thus greater on the inside and 
as a result of the difference in field strength, the kink is 
distended even more. This continues until the pinched plasma 
IS so badly distorted that it touches the walls of the vessel, as 
in Photo 4. or breaks up entirely. 

Tiiere have been niany severe losses arisimi from Bohm 
c Illusion in much of the stellarator work. At one time it was 
thought that this behavior might be characteristic of all 
stellarator systems, but such is not the case. By increasing the 
plasma temperature and by taking care in the construction of 
ihe toroidal magnetic field coils to avoid nonuniform regions 
coiil.nemeut times in stellarators have approached the values 
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Figure 14. Tl,e kink vmalnlity in a pla,nia. (The plasma /v 
acuta ly in the form of a spiral which is shown here in a 
two-dimensional represeniation. ) 



expected Ironi neoclassical dilTusion. Since there is essen- 
tially no compression of the plasma, stellarators are low-beta 
devices. 

Tokaniak Systems 

Since about 1969, when results of considerable con- 
sequence for controlled fusion were reported from the 
U.S.S.R., there has been widespread interest in the tokamak 
concept. The tokamak is a low-beta toroidal system with 
features of both the stabilized Z pinch and the stellarator. 
The plasma is contained in a metal-walled torus and toroidal 
and poloidal fields are applied, the former by coils sur- 
rounding the torus and the latter by inducing a current that 
flows around the torus (Figure 15). This is similar to the 
stabilized low-beta pinch system (page 42), the difference lies 
in the relative strengths of the two magnetic fields. In the 
tokamak, the toroidal field is much stronger than the 
poloidal field (about 10 to 1), whereas in the Z pinch the 
reverse is true (less than 1 to 1). The tokamak is similar to 
the stellarator in that the magnetic field is twisted so that the 
lines do not close on themselves after a single circuit. 
However, in the tokamak the twist is produced by the 
combination of toroidal and poloidal fields and can be varied, 
whereas in the stellarator it is achieved by means of the fixed 
helical windings. 

By varying the toroidal and poloidal magnetic fields 
independently, a region of exceptional plasma stability was 
discovered in the tokamak.. A low-beta plasma, with a density 
approaching 5X 10^^ particles per cubic centimeter, was 
confined for about one-fiftieth (0.02) of a second. The 
Lawson ;/r product was thus almost 10'^, this was achieved 
in 1972 and is the largest value attained so far in a 
high-tcmpcraturc plasma, flic ion temperature, which deter- 
mines the fusion rate, was about 5,000,000"", although the 
electron temperature was higher. There is no evidence of 
Bolim diffusion and the confinement times correspond to 
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Figure 15, Reprcsenuition of a common type of tokamak 
The currem in the field coih gcuerata> a toroidal magnetic 
field (not showi): (he plasma current induced by current ui 
the primary coils produces a poloidal magnetic field (not 
:;hown) These twv fields combine to form a spiral magnetic 
fieUi as shown, which stabilizes the plasma. (In some 
tokafnaks\ the plasma current is induced by current in 
primary coils running around the major circumference of the 
torus, i,e., perpendicular to the toroidal field coils.) 

neoclassical (oi classical) dirfusioii. Since 1969, various 
experimental lokaniak devices have been built in several 
countries, including the United States. (See Photo 7.) 

The ion and electron tenipeiatures mentioned above result 
iVom resistance heating b> the toroidal current induced m the 
plasma. In this type of heating, the energy is first absorbed 
by the electrons and is then shared with the ions by 
collisions; this explains why the electron temperature is 
greater than the ion temperatiu-e. The temperatures attained 
in tokamak experiments have been higher than expected 
from calculated values of the plasma resistance. This anoma- 
lous (larger) resistance is attributed to minor turbulence, 
perhaps due to microinstabilitie:>. in the plasma. 
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As in the stellarator, the toroidal current, which heats the 
plasma and also generates the poloidal field in the tokaniak, 
must be kept below the Kruskal-ShalYanov limit in order to 
avoid hydromagnetic (kink) instability. To achieve maximum 
resistance heating, the limit should be as large as possible. 
Accordmg to theory, this can be achieved by increasing the 
toroidal magnetic Held strength and decreasing the aspect 
ratio of the torus (see Figure 9). The smallest practical aspect 
ratio is about 3, but witli such a fat torus, it would be 
difficult to attain a strong toroidal field; hence, a com- 
promise would be necessary. 

Although the tokamak concept appears to be a promising 
approach^ to controlled nuclear fusion, there are many 
problems still to be solved. The problem of increasing the 
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Law.on nr product at least a lu.nclrecirokl is obvious and 
there are two others that should be considered. First' the 
plasma temperature that can be reached by resistance he-.tin" 
.s probably 1 0,000,000° at the very n,ost partly ^ca^ ' 
'e decrease in the plas.na resistance at high ten>peratures 
partly because of the Kruskal-Shafranov limit on the 
current strength. Further heating will thus be necessary to 
attan, the temperatures required for a nuclear fusion reactor 
Sen-era methods of heating are being studied; these include* 
P Ksm a turbulence, magnetic compression, and the injection 
ot high-energy neutral atoms. 

A second major problem is associated with the very low 
beta values in a tokamak device. At low beta, the fusion 
oiiergy generated per unit volume of a reactor would also be 
low Tins means that the smaller the beta value, the larger 
would be a reactor designed to produce a certain an,ount of 
power. I-urthern,ore, when beta is low, losses fron> synchro- 
ron radiation (page 18) become large. With existin- 
okamaks, long confinement times are a.ssociated with low! 
beta plasmas, but possibilities are being studied for increasing 
beta without significant decrease of confinement. Beta 
hould be increased by decreasing the aspect ratio of the 
touis, but this will n,ean some sacrifice in the magnitude of 
tl.c resistance heating current. An optimum tokamak design 
can result only from a balance among several factors. 

Magnetic Mirror Systems 

1" its simplest form. iUc niasneiic mirror arrangement 
ZuV VT"'" °'--'—'-und a straight .2 

sure 16a . the san,e current is passed through each coil 
tl.c magnetic leld generated is stronger at the ends, ieadim- 
to the result shown earlier in Figure 6. The lines of force are 
cosest w ere the field is strongest, as indicated in Fig- 
"r. 16b. Ihe stronger magnetic fields at the ends serve to 
slow down and, under certain conditions, tum back the 
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Figure 16. Reiyiest'iiiatkm uf </ .si////j/c' iiutsneiU mirror syn- 
wn: (a) shorn the wiiuliiiss of ihc field coils, and (b) 
iitdicaies the form of the lines of force. 



cliaruecl particles tliat miglit otlicrwisc escape. As seen earlier, 
the "stronger magnetic t'iekls at the ends can thus act as 
nm-rors lo'r liie reHeetion of the charged particles in a plasma. 

As a charged particle spirals along a magnetic field line and 
enters the mirror region where the field is stronger, a force 
beuins to act on the particle that tends to push it back 
toward the central region. The rate of motion of the particle 
parallel to the field lines, or r|| (.see Figure 4)..is thus reduced, 
and the .separations between .successive turns of the spiral 
path become smaller and -smaller. If the magnetic field in the 
mirror region is strong enough, it will first bring the particle 
motion alom: the field lines to a stop and then leverse it. In 
other words" the particle is reflected back into the region of 
weaker magnetic field. Such a particle will spiral back and 
forth, after successive reflections at the two ends, so that it is 
trapped between the magnetic mirrors. 

Not all the charged particles in a plasma will undergo 
reflection in the mirron.. For example, a particle with all its 
velocity parallel to the field lines in the region between the 
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;n. rors .0 w.tl, r = r„ i„ Fi,,,e 4, will ,„ove straight along 
-0 „o.d hncs, w.thoiu spiraling, and escape through the 
'""Tor. For a particle to be rellectecl and trapped between 
tl>e niMTor lleULs, it nu.st have an appreciable velocity 
component perpendicular to the lines of force in the 
central region. Particles with sniallor values ofv^ will escape 
The greater the strength of the magnetic field in the mirror 
regions relative to that in between, the smaller the value of., 
lor which reflection is possible. Thus, the stronger the n,irrot 
elds, lor a given strength in the central region, the greater 
tlie proportion of charged particles that can be traoped 

Another way of viewing the situation is to think of the 
particles as moving in a magnetic valley (central region) 
between two peaks (mirror regions), as depicted in Figure 6 
II <« particle has sufficient velocity in the right direction as it* 
approaches a peak, it will, i„ . sense, go right over and 
escape. But if the velocity is sufficient only to take it part of 
tlie way up the peak, it will fall back to the valley. Particles 
t lis categoiy are trapped. The direction of approach to the 
peaks IS clearly important: if it is head-on, escape will be 
easier than if the particle, with the same velocity, is movi,,.. 
at an angle. Moreover, the higher the peaks (the mirror 
lields), with respect to the valley, the more difficult it will be 
lor particles, even those approaching almost head-on to 
osxape. ' 

Resistance heating in a magnetic mirror system does not 
seem to be practical: consequently, other plasma heating 
techniciues must be used. An initial plas.na may be created by 
electron cyclotron heating or by the use of microwave 
radiation. Subsequent heating bv means of highn^ner"y 
neutral atoms appoa,.- to be a promising approach. In 
addition, heating has been achieved by magnetic compres- 
sion. 1 his can be done by changing the magnetic fields in one 
or both or two ways. First, by increasing the stremzth of the 
Held in the central rcgioiu the plasma is compressed toward 
t le a.xis of the tube and is thus heated. The magnetic field in 
the mirror region should be increased at tlie same time to 



retain the same trapping charactcistics. The second method, 
which may be combined with the first, is to bring the 
niaiinetic mirror fields rapidly closer together. The plasma is 
then sciiioc/ed into a smaller space and is heated. 

in the earlier mai-netic mirror experiments hydromagnetic 
instability was a problem, but it has now been solved. 
Theoretical studies indicated that .1 plasma would be stable il 
it could be confined by a magnetic field that had a mmmumi 
strenttth m the center and increased outward huill directions. 
Siiciran arranucment is called a mosneiic u c// or a minimum- 
li conjismnion. since is the s\mbol commonly employed 
to represent the strength of a magnetic field. In 1961 the 
Russian phvsicist M. S. lofie showed that such a conligura- 
tion could be achieved in a mirror system by placing a 
number of conductors, generally referred to as "lolle Bars', 
parallel to the central a.\is of the tube containing the plasma 
and passim: currents in opposite directions through adjacent 
conductors (Fiuure 1 7). Since the magnetic well concept was 
introduced, hydromagnetic instability has been virtually 
eliminated in magnetic mirror devices. (See Photo 8.) 

An inueniou.s scheme for producing in a simple manner a 
mirror field that includes a magnetic well is known as Oie 
•'baseball"-(or ■•tennis-ball"-) seam coil, .so named because its 
windinu is shaped like the seam of a basebal! or tennis ball, as 
seen in" 1- mure 18. The general configuration of the magnetic 
field "cneraied bs passing an electric current through the coil 
is also shown. The mirror fields, which arc at right angles to 
each other, occur where the turns in the coil come close 
to..elher The central region is a magnetic well from which 
the field slien..tli increases outward in all directions. Plasma 
confinement svstems have been constructed with magnetic 
fields produced by baseball-seam coils. The plasmas were 
found to behave as expected in the suppression ol the 
hydromaiinetic instability. The baseball-seam coil system is 
one pos.^ibility ol confinement in a nuclear lusion reactor. 

(See Photo 9.) 



COILS FOR MIRROR FIELDS- 




lOFFE BARS- 

Figure 17. A'.v;,-c..,„,„,/„,, ^^^^^.^ 
"••>ror system: cunents Jhn' at opposite dircetions in 
ct< acau bars. Tlu> magnetic field., produced by d,c atrrents 
the muror field coils and in the Ioj)e bars combine to fionn a 
[""""-""■^ (or n,a,netic..ell) fiield in .Inel. tbe JZl 
mcreascs fiom the center ontward in all directions ' 





Photo s. Part ofi the 2X1! niasnetic minor experiment for 
con mrns and heating plasmas at the Lawrence Livennore 
Laboratory in California. It includes the magnetic well 
concept to achieve plasma stability. 



As a result of painstaking rcscarclios. both theoretical and 
experimental, several plasma niieroinstabilities have been 
identified in inirroi s\ stems, and methods ha\e been devel- 
oped tor controllniii them. The procedures include avoidance 
of impurities in the hydrogen-isotope plasmas, suitable 
\ariations in the strength of the magnetic field, and a 
relati\el\ short distan<.e between the mirrors. As a result of 
these and other measures. Bohm diffusion does not occur, 
and the loss of plasma across the magnetic field lines 
approaclK\> that corresponding to classical diffusion. 

Plasma temperatures as high as 200,000,000'' have been 
rcpoited by the injection of energetic neutral atoms into a 
mirror svsteni. The maximum value of the Lawson product 
attained, although not in the same experiment, is about 
2 X 10' ^ This moderate \alue is mainly the consequence of 
the low-beta characteristics of the plasmas employed in most 



Figure IS. Magnttit'Mcll JklJ proJutcJ h\ utncnt hi d coil 
i>hiipcd like the .scam of a baseball lor tennis hall). Two 
Jiiihshiiptil mirror JhlJs are formed at right angles to each 
other ui the regions where parts of the coil tome close 
together. 
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maunotic mirror experiments Research is being concluctecl to 
discover a means to increase the beta ot the contn.ed 
plasmas, and the early observations appear to be pro.msmg. 

Fvon if all instabilities couUl be suppressed, magne .e 
.ni'rror systems would still suffer from the loss of plasma by 
escape through the mirron;. In a thermonuclear plasma, it is 
Inevitable tl.it a fraction of the particles will have substantia 
velocity components parallel to the magnetic tield Ime.s. Such 
particles will not be trapped by the mirrors. Because ol the 
resultinu loss of energy, it is possible that the temperature 
required for self-su.staining nuclear fusion may be higher m 
mirror sv.stems than in other types of magnetic eon niement. 
Consideration is being given to the possibility ot decreasing 
escape of plasma through the mirrors by applymg nidio- 
frequency fields. 

Internal-Ring Systems 

intornal-rinu devices arc toroidal systems in which one or 
,nore conducing (n.etal) rings are suspended ether .necham- 
cally or by magnetic levitation within the torus l-.gure 19 . 
•iJ ring circumference is parallel to that ol the toroidal 
chamber. These systems generally contain one or ou r.n s 
the latter are called octopole devices. Current may be 
indueed in the rings from outside by making them serve as 
0 dlries of a transformer. Single-ring devices have been 
constructed with superconducting rings, so that once curren 
"i 1 ced. it persists as long as the required low temperature 



Photij 9. /;; the upoev pan of the phoiogmph is the Baseball 
li sttpereomluetins mapiet. M is the largest magnet oj 
this type ever built Jor Jusion researeh. Underneath is the 
vacitum chamber in M the magnet is now sealed a, the 
Lawrence Livermore Laboratory, 



is maintained (see page 67j. Alternatively, as in the D C 
octopo^e, direct-current leads are connected directly to the 
rings. (See Photo 10.) ^ 

ckl. u the usual manner. 1„ one-ring device.s, windin-s 
roun the torus also provide a toroidal magnetic iicld. S ci 
a f.e d ,„ay or may not be included with octopole arran-e- 
.ncnts. Plasnu. is injected into or generated wit in the ori s 
a.K a tends to Ibnn a sleeve around the rinu (or rin<.s) 

The .nternal-ring .systems are not intenclcd as prototypes 
lor nuclear fusion reactors. Their main purpose s to t' ly 
P -"a stab.hty and instabilities. It has been found that wh n 
1. PoloKlal magnetic field is produced by current flowing in 
<- - eta rn,g rather than the plasma, it is a relatively sin^,le 
n atter to achieve stability. The diffusion rates are then ve^: 
close to those expected from classical considerations By 
si ' ^-^'Hlitions, the rcc,uiren>cnts for 

stability c.m be determined. Furthermore, by disturbing the 
...agnenc l.elds in various ways, the factors that lead I 
instabilities can be understood. 



Figure 19. SecUons tlvougk a torus wul> (a) one suspended 
conducnns co.l and (b) four suspended coils (oetopole). 




(a) 




(b) 




Plioto 10. hiierioy oj the D. C. ociopok device a, Gulf 
General Mamie. Four condiating rings are mpinmed me- 
chanically wiiliin ilie nmis. 



NUCLEAR FUSION REACTORS WITH 
MAGNETIC CONFINEMENT 

Toroidal Coiilinciiicnt System 

Tlieiv is a I'oeli.m among plasma pliysicists tliat the 
scientifie pos>ibility of nuclear fusion as a means ol gen- 
eratinu useful power will probably be established m the early 
l^SOs" Conseciueutly, some thought is being given to the 
form" that a fusion reactor niiglU take. The follownig 
description indicates the general outlines of a steady-stale, 
toroidal magnetic confinement reactor in which the energy ..s 
produced bv the deutenu.n tritium nuclear reaction.- bys- 
lems of other types have been studied and two of t.em wdl 
be described in later sectionx 



liTteacl IS o..e ilu.l opcrnics CMU.n.onsIy rnll.cr ilum in pulses. 
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VVc mentioned on page P that som,. Rc\o/ 
the n T r.. soniL bO%ol the energy of 

the D-T reaction ,s carried by the neutrons. Since tlu^se 
part des are not electrically charged, they are not con 

occurred the li.gli-energy neutrons will escape from the 
P asnia. The helium nuclei produced in the fu ion re"ct^n 

tat the nicommg deutenum-tritium gas. Eventually the 

The toroidal reaction chamber will be surrounded by a 
anket" o .nolten lithium, either in elemental form or as 

prob<bly be made ol a refractory metal, such as niobium 

possibility. The energetic neutrons enter the blanket -nid 
•nteract with the lithium nuclei to produce tritiu t L 
removed as gas and returned to the reaction chamber' Ale 
same time, the neutrons deposit their energy in the hthl m 

I iOO C (2000 F). The lithium blanket will be surrounded by 
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Figure 20. Secrion throusH a torus slm.in, ik, basic princi 
pks oj a possible fusion reactor. ^ " 
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a thermal insulator, which can also absorb stray neutrons, 
and finally by the magnetic confinement coils. 

The heat deposited in the blanket by the neutrons can be 
translerred to potassium by passing liquid potassium through 
pipes immersed in the lithium. The potassium will boil and 
the hot vapor will be used to drive a turbine-generator for the 
production of electricity. The potassium vapor exhaust trom 
the turbine will be of sufficiently high temperature to 
produce steam from water by way of a water potassium 
vapor heat exchanger. The steam will be employed in a 
conventional turbine to generate more electricity. Another 
possibility would be to circulate a gas, such as helium, 
through the lithium blanket. The hot gas would then be used 
to operate a gas Uirbine. Instead of circulating the liquid 
potassium or helium gas through pipes within the lithium 
blanket, the transfer of heat may occur outside the blanket 
(see page 66). 

Maintenance of the strong magnetic fields would normally 
require considerable amounts of electric power. A possible 
way to decrease the power requirements would be to use 
supcrcomluvtmg magnets/'' When certain metals and alloys 
are cooled to extremely low temperatures, usually less than 
10°K (I.e.. 263''C below the freezing point of water), they 
become superconductoi-s. Once a flow of current has been 
started m a superconductor, it will continue indefinitely in a 
closed circuit, even after the source of the current is 
removed. Magnets constructed with superconducting coils 
have already been used in controlled fiision (and other) 
research, although their dimensions and field strengths are 
small compared with those for a reactor. It is of interest that 
lic|uid helium is commonly used to maintain the temperature 
required for superconductivity. 

The use of superconducting magnets would permit an 
overall decrease in power recjuirements. but energy would be 
needed to operate the refrigeration machinery for keepini,^ 

*Sce Cryogenics, another booklet in tliis scries. 
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the magnets at a low temperature. A fusion reactor system, as 
outlmed above, would thus have an extremely hot region' in 
tiie interior and an extremely cold region on the exterior. 
The problems of thermal insulation would thus be difficult to 
handle. 



Environmental Aspects 

By taking advantage of the high temperature in tiie lithium 
blanket to introduce a potassium "topping" cycle preceding 
the usual steam-water cycle in the operation of the turbine- 
generators, more than 50^^ of the energy deposited in the 
lithium by tiie neutrons could be converted into electricity 
This conversion efficiency may be compared with the 
maxnnum.of about 407. for the most efficient fossil-fuel or 
nuclear fission power plants. A nuclear fusion reactor would 
thus release less heat to the environment. 

During normal operation, tritium is the only radioactive 
material that could escape, either into the air or water, from 
a fusion reactor. Special precautions would be taken to keep 
leakage to the lowest practicable levels. In any event the 
system would be designed to prevent lo.ss of lithium' and 
potassmm. Since most of the tritium would be present in 
the lithium, the escape of tritium would be minimized at the 
same time. 

After a period of operation, the niobium (or other) vessel 
containing the lithium will have to be replaced because of 
damage that the high-energy neutrons caused. As a result of 
neutron capture, the discarded niobium will have become 
radioactive and means will have to be found for disposing of 
it safely. After a few years, however, the activity will have 
decayed sufficiently for it to be rcfabricated by mean.s of 
remote-handling techniques. If vanadium were used instead 
of niobium to contain the lithium, the problems would be 
greatly decreased since the radioactivity caused by neutrons 
is quite small. 



I he most venous \u/a\\\ iVoni a rusioii reactor plant woukl 
probably arise iVoni a fire bcLaiisc both lithium and potas- 
sium burn readily in air. The amounts of dcntcrium and 
tritium present in tlie reaction chamber at any time aie so 
small that the energy leleased in an accident would not be 
miportant. There is ieriauih no danger i>j a ilurmomwlvar 
LwplosKJiL The total energ> liberated i components of the 
system were Lonsumed in a fire would be about the same as 
from a large tank of fuel oil. Use of the molten salt, lithium 
beryllium riuoride (LiBer4). in pkue of elemental lithium, as 
has been suggested, \\ould greatly reduce the fire hazard. The 
main danger associated with a fire would be the release of 
tritium, but normal operations would be dircLted at keeping 
the amount of tritium as small as po.ssible. 

Direct Conversion Reactor 

We have seen that, because of the loss of charged particles 
through the ends of magnetic mirror conrincment systems, 
the operating temperatures will have to be higher than for 
closed systems. Advantage may be taken of the high 
temperature to conveit fusion energy directly into electricity. 
At the bame time, the energy of escaping particles would be 
recovered. In the 1) D reactions, that woukl occur if 
deuterium alone were used in a fusion system, almost 67'^ of 
the energy released is carried by the charged particles. In the 
reaction bctvyeen deuterium and helium-3 the amount is 
lOa; since charged particles are the sole reaction products^ 
(page 13), aUhough in practical sy.stems there would be 
neutrons IVom D D reactions. 

II plasma temperatures c.\ceeding 1000 million degrees K 
could be attained in a mirror system, both the 1) 1) and 
D Mle reactions could take place. The latter would be 
especially favorable for the direct conversion of fusion 
energy into electricity, llelium-3 is extremely rare in nature 
and there is no .simple way in which it can be made, as 
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tritium can be. However, lielium-3 is a prodiicl ofone of the 
I) D reactions and this would provide the hehiimO for the 
D'^lle reaction. 

On the assumption that the conditions tor the D--''He (or 
even the D) reaction could be realized in a magnetic 
mirror system, the energy of the charged particles could be 
converted into electricity in the following manner (Fig- 
ure 21). The charged particles, consisting of positively 
charged nuclei and negatively charged electrons, emerging 
from the ends of the cylindrical reaction chamber would firsi 
be expanded into a broad beam by a magnetic field. The 
charged particles are guided and directed outward by the 
gradually weakening tield. Since the electrons are lighter than 
the ions, they are more easily deflected and they would be 
collected at an electrode, called the ''charge separator", 
which is grounded. 

The ions would continue on and pass through a series of 
''decelerating electrodes" — three are shown in Figure 21 
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Figure 21. Ouiline of a ulicnie for die direct conven^kni into 
ekctricUy of the energy tarried by (he charged particles 
escaping from a magnetic mirror fusion reactor. 



,vhero thev would be collected .and their pos.t.ve charge, 
deposited. The nuclei with the lowest ^"^''^''-'^ f'"^' '""f' ^^^''^ 
decelerated and are collected at the lust electrode, tho. o 
„i..her eneruv would be collected at subsequent elect, odes. 
!^ voltau;; at the decelerating electrodes will ste.Kl y 
decrease ;nd appropriate nu.ltipliers and d.v.dors w. I b 
required to bring them to the same final output vol tage. In 
the systen. jt.t described direct current w.ll be ge.wnt. . 
charue separator would constitute the negative pole and the 
decelerating electrodes the positive pole. 

The direct conversion process would have envuonment 1 
and other advantages. In the first place, it should be possible 
to convert into electricity up to 90';f of the clu.rged-pa. c 
encrev produced by fusion. Tlu.s.. nu.ch less wast 
would have to be released to the environment. Inc.dentally, 
,„is hiuh conversion efficiency would result m a decrease m 
La;son nr criterion, which is based on a 337. e.l.c.ency^ - 
Furthermore, most of the tritium formed m one ol the 
reactions would be consumed by the D-T ••^^'^t.on and 
very little would be present in the system at any t.m^ 
My fewer neutrons, and with lower energ.es. would be 
produced than in the lusion of deuterium and tr.t.u... ..^^^^^^^ 
Hence, dan.age a..d radioactivity ... structur 1 ma teru 
would also be considerably less. Another matenal. other than 
lithium could be used to absorb the ..eutrons, s...ee tlK 
b ^^li... of tritiu... would ..ot be requhed. Ihere would ..ot 
o..,y be> a larger choice of structural materials, but the lue 
hazaid could be decreased. 

INERTIAL CONFINEMENT 

Hcati.ig by Laser Beams 

The basic idea ormertial confmcment is that a pe"^'; °'" « 
deuterium^lritium mixtu.e would be heated very rap.dly to 
rn.o..uclear temperatures. Such a syste... could p.oducc 
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I^'CW from |,l„s„„„ 

e'uent nu.„ne, .s will be described shortly d .^ t 

. " "' ">« =.^li e,„cly slicrl period of a fraclion o 

L.iuLirons. J lie major act vitiV*; nW'if.>j ♦ 
."orl,al c.o„lh,e,„e,„ ,■„, nuclear I, sio„ a ^ ^ v 
«.or,io,l wiih tlio use of lasois I'l^stmly coil- 

1^ Lasers deliver 4e^:ro'::,,,'ro',''::e°;' 

*Sco /.«<r^ .-.nollior booklcl in Il.i.s NCries. 



very short times, altliougli not yet in the ()iiaiuities that 
would be required Ibr nuclear iusion. 

Laboratory experiments have established the fact that 
nuclear fusion reactions can indeed be induced by the action 
or lasers on solid deuterium. However, the amount of energy 
released is only a small fraction of that in the laser beam 
More powerful lasers with shorter pulses are required and 
eltorts are being made to achieve this objective. One 
possibility being studied for increasing the power is to focus 
several individual laser beams onto the solid pellet of reactm" 
material. " 

Calculations have shown that if the la.ser pulse is properly 
shaped in time, the pellet i.s more highly compres.sed At the 
very high densities that can be reached in this manner, the 
laser energy required to attain fu.sion conditions should be 
greatly decrea.sed. 

La.ser-Fusion Reactor 

The major immediate problem in connection with laser 
fusion is concerned with the development of lasers capable of 
repeatedly delivering huge amounts of energy in very short 
and properly shaped pulses. A .solution does not .seem to lie 
outside the realm of technological possibility. 

Since the situation appears promising, preliminary designs 
iiavc been propo.sed- for nuclear fusion power reactors 
utilizing inertial confinement with laser heating. The main 
structure of the reactor would be a large chamber capable of 
withstanding the repeated explosions occurring when 
deuterium tritium pellets are heated by a laser beam 
n-igure 22). A pellet would be injected into the vessel and 
when it reaches the center a powerful pulsed laser beam 
would be focu.sed onto it for a period of about a nanosecond 
or less. After the lapse of a few .seconds, another pellet would 
be injected and heated, imkI .so on. 
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Ihc noiitron.s produced in the 1) T reaction, carrying some 
cSO ' uf the luMon eneig\ . \\oukl be taken up In lithium. The 
basiL scientilK priiuiples iVom now on would be the same as 
for a fusion reactor with toroidal magnetic confinement 
UKige()6), although the design of the svstem would be 
dillerent. flic lithium might be introduced into the reaction 
chamber as a film of liquid covering the interior surface or as 
a swirl of droplets (or both). The energy of the neutrons 
would be deposited in the lithium and at the same time 
tritium would be generated for subsequent use in the fusion 
reaction. 

I hc heated lithium would be drawn off from the bottom of 
the reaction chamber, passed through a heat exchanger, and 
then returned at a lower temperature. The heat removed in 
the heat exchanger would be used to produce steam (or 
possibly a hot gas) lor operation of a turbine-generator in the 
usual manner. 
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Figure 22. tt/Mc prvuiples of a conceptual spherical (or 
approxwhitel) spherkal) rcattov utilizing laser fusion of 
deuterium tritium i)etlets. 
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NUCLEAR FUSION RESEARCH PROGRAMS 



Support by U. S. Govcriiiiicnt and Industry 

The study of controlled fusion in the United St:ites was 
begun in 1951 and 195: at the Los Alamos Scientilic 
Laboratory in New Mexico, and at what are now the 
Lawrence Liverniore Laboratory and the Lawrence Berkeley 
Laboratory, which are both in Calilornia, and the Princeton 
Plasma Physics Laboratory in New Jersey. A substantial 
program was started at the Oak Ridge National Laboratory ni 
lennessec in 1955, although there had been an interest in 
controlled fusion in earlier years. Except Ibi a small amount 
01 research and development, the Berkeley Laboratory is no 
longer a major contributor in this area, but at the other lour 
hiboratories the U! S. Atomic Energy ConuuLssion (AEC) 
supports research aimed at the ultimate development of a 
reactor Ibr obtaining u.seful energy iVoni controlled fusion. In 
JKldition, the AEC has spon.sored both theoretical and 
experimental research on high-temperature plasma.s at .several 
universities. The National Science Foundation, the National 
Aeronautics and Space Administration, and the Department 
ol Delense also linance plasma physics research, which is 
somewhat related to controlled fusion. 

Electrical utilities have provided some support for con- 
trolled fusion studies although to a much smaller extent than 
the AEC. In 1957, the Texas Atomic Eneruy Research 
Foundation, a consortium of private utility companies, 
started a project in conjunction with what is now Gulf 
General Atomic in La Jolla, California. Some 10 years later, 
the Imancial support was transferred to the University of 
Texas. Work at Gulf General Atomic is being continued with 
help Irom the AEC. In recent years, several utilities have been 
contributing to the cost of plasma research at a-numbcr of 
universities. Private industry is also supporting laser fusion 
research and a company named KMS Fusion, Inc., has been 
lorined exclusively for this purpose. 
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Historical Outline 

Studies of tlie" low-beta 1 pinch were started in 1951 and 
lOS^ at the Los Alamos Scientific Laboratory and at the 
Lawrence Berkeley and Liverniore Laboratories. This work 
has now been largely abandoned in the United States 
although interest continues in other countries (e.g.. the 
United Kinudoni's large ZETA device). Preliminary expen- 
.ne.its which led to the high-beta (.shock heated) theta-puich 
svstcni were originally made Livermore in 1954 and a 
iuore promising approach bcg:.n the following year at the 
Naval Research Laboratory in Wa.shinston, D. C. The concept 
wa. taken up by the Los Alamos Scientific Laboratory 
around 1956 and developed into the .successlul Scylla hnta 
thcta pinch in which definite controlled fusion on a smal 
sa.L was first achieved in 1957. A toroidal t eta-p.nch 
device, called Scyllac (for Scylla closed). In. s been con- 
structed at Los Alamos. (See Photo 12.) FoUowmu 
cncoura«inu results with shock healing in Scylla, the same 
p,inciple was used in a linear Z pinch. Subsequent y. a 
toroidal high-beta Z pinch was placed in operation at the Los 
AUunos Scientific Laboratory. 

■The investigation of magnetic mirror continement was 
initiated at the Lawrence Livermore L^'^o-'o;y ''J^^^ j'"^^^^ 
at tiie Oak Ridge National Laboratory around I9xv Stud.c 
of this aspect of controlled nuclear fusior, have contuu.ed a 
both of these laboratories. At Livermore the work has beei 
nu,in.v concerned with the stability, confinement, and 
lleatina of low-beta plasnu.s. At Oak Ridge, on the other 
,u,nd.^he major interest is in the production ot h.gh- 
temperature, high-beta plasmas for confinement by magnetic 

"Thr'stcllarator concept originated with L Spit/.er at 
Princeton University in 1951 and several devices based on the 
figure ei.ht and other forms of the stellarator principle were 
construc'ted. These activities culminated in the completion in 
19^ of U,c large (overall length 40 feet) Model C stellarator 
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uit ,„ ilMs .ystem WK l,„,i,ed by Bohm dilTusio,, a,.d after 

LcHT'l ">'^->*. " 

Model C stcllaralor ivas eonverlecl into a tokam-,t «, ., . . 

liave been terminated at Princeton, at least for the present 
but they are stih in progress in countries other than thl U S 
In addmon to the ST tokaniak. other systems based on the 
tokanK.k pnncple have been constructed since 1970 
Pr nceton and elsewl.re in tl>e United States at the followin 

nistitute oi Technology, University of Texas, and Gulf 
General Atomic. (See Photo 13 ) 

Studies of plasma stability by using internal-ring conduct- 
ors developed from the linear "hard-core" system at the 
Lawrence L.vermore Laboratory in 1958. CuLnt piss ! 
through a metal rod running around the axis o^a cy ind 
produced a poloidal magnetic field. In the following yea the 

a pulstd alternating magnetic Held, was constructed at the 
ame iaborato:^ Other toroidal systems with interna rig 
ave been bu.it recently at Livermore, Princefon the 
Umvers. ty of Wisconsin, and Gulf General Atomic ' 

so 'le t S ^ ^-all 

of the AEC. Interest m the work derived from the potential 

i! e'thra'T'r " "'"'^^^ ^^^^ 

later the aa.v.ty was exte,.ded fo the Sandia Labbratory 
Albuquerque, Which perfora s weapons-related work fo the' 

; ' m'", '° Laboratory 
Lasers w.th large outputs, suitable for nuclear fusion are also 

Sr n aT' ^ ^'^1^^^-^-- defense at ti. Na ^ 
Research Laboratory. The AEC is supporting all of the U. S. 

?TJ^' ^T' '"'""^"^ thcta-pinch Scyllac device at 
:r r '^'^'"^ — of 
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PJiotoIS. The ORMAK 
is a fusion research device 
based on the tokamak 
principle at'- Oak Ridge 
i\'ational Laboratory in 
Tennessee. 



Government clTort directed at achieving controlled fusion by 

search Laboratory and at the University of Rochester, and 
KMS Fusion, Inc., was formed in 1970 to expio t an 
approach to laser fusion. ^ 

United States Programs 

Un ted States are summarized in the accompanying table, h, 
ad t,o . theorefcai and experimental activities on a smaller 
scale .ire bemg conducted at several univereities. 

Foreign Programs 

Studies aimed at the reali.<ation of controlled fusio;, as a 
source of useful power were started in the United Kingdom 
and .„ the U.S.S.R. at about the same time as in the l^med 
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CONTROLLED FUSION PROGRAMS IN THE 
UNITED STATES 



Pinch (Higli-Beta) Systems 
Los Alamos Scicnlinc Laboratory (Scylla: Scyllac: 
Toroidal Z-pincli, ZT-1) 
Tokamak Svstems 
P ri n c c t o n PI asma Physics Laboratory ( Symmetric 
Tokamak, ST: Acliabatic Toroidal Compressor. ATC: 
Princeton Large Tokamak, PLT) 
Oak Ridge National Laboratory (ORMAK) 
Massachusetts Institute oi'Technology ^Alcator) 
University of Texas (Texas Turbulent Torus, TTT) 
Gulf General Atomic (Doublet II) 
Mannetic Mirror Systems 

L^iwrence Livermore Laboratory (2X 11, Baseball 1!) 
Oak Ridge National Laboratory (ELMO) 
United Aircraft Research Laboratory 
Internal-Ring Devices 
Princeton Plasma Physics Laboratory 

(Floating Multipole, FM-1 ) 
University of Wisconsin (Levitated Octopnle) 
Guir General Atomic (D. C. Octopole) 
Laser Fusion in Pellets 

Lawrence Livermore Laboratory 
Los Alamos Scientific Laboratory 
Sanclia Laboratories. Albuquerque 
Naval Research Laboratory 
University of Rochester 
United Aircraft Research Laboratory 
KMS Fusion, Inc. 



Slates. In fact, the pinch effect in a plasma was first reported 
fro.n the United Kingdom in 1951, although previously it 
had been predicted theoretically by American physicists. For 
several years, all nuclear fusion studies were classified because 
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some miglit iKivo woi.pon-rohilocl appliciilions. However in 
the U.iiiecl Slales. il,c Unilecl Kin-clom. and lUe 
U.S.S.K. agreed lo deelassilv all work on conirolled lusion 
and Uiirvagreenieni :ippeai^ lo lui\e been lionored. I liere Inve 
been exiensive exeluniges of inlbrnuilion and per.son:.| visiis 
01 scientisls between these three countries. Al ter the public- 
•'on in 1958 or the previousl> unav.:.lable reports on 
controlled liision, several other .iintries started their own 
research protiranis. 

Forsonie time, the L'.S.S.K. has devoted substantiallv mo-e 
manpower than any other country to studies of con't rolled 
liision. hi recent years, the ellort in the U.S.S R h:is been 
more than twice as ureat as in the United States, which is 
roughly the same as in West Germany. Substantial pro-rams 
on nuclear fusion are under wa> in the U'nited KinsTdoni 
Japan. France. Italy. :,nd the Netherlands, with smaller 
ellorts m Ausiralia. C zechoslovakia. Denmark. Israel. Poland. 
Sweden, and Switzerland. 

The major activine.s on controlled nuclear fusion outside 
tiie United States are sununarized in the table: there are also 
.several snialle«- programs that are not mentioned. 



CONCLUSION 



I he objective of controlled nuclear fusion research is to 
develop a major economic source of enemy tluit should be 
readily available to all mankind. This development is most 
hkely to occur Urst by way of the reaction between 
cleutenuni and tritium nuclei. The basic fuel materials will 
th.'n be deuterium and lithium: the tritium will be obtained 
by the interaction of neutrons with the latter element. The 
quantity of deuteriuni in th.e oceans and other wafer bodies is 
virtually inexhaustible and the lithium that can be extracted 
Irom heavy brines and n:inerals (e.g., pegmatites) should be 
adequate for several hundred years. If it .should ultimately 
prove iieccs.saiy. the lithium in .sea wa Sep could be extracted 



CONTROLLED FUSION PROGRAMS 
IN OTHER COUNTRIES 



Pinch Systems 
United Kingdom (high-beta and lovv-betn) 
U.S.S.R. (high-beta) 
Germany (high-beta) 
Netherlands (high-beta) 
Stellarator Systems 
United Kingdom 
U.S.S.R. 
West Germa'^v 
Japan 
Tokaniak Systems 

U.S.S.R. 

West Germany 

France 

Italy 

Japan 

Magnetic Mirror Systems 

United Kingdom 

U.S.S.R. 

France 
Uiser Fusion in Pellets 

as,s.R, 

France 
Italy 

Germany 

Japan 

Israel 



for an acceptable price. However, bclore terrestrial sources of 
litiiiiim arc exhausted, tiic conditions lor fusion of deutemwn 
nuclei alone (or of deuterium and heliumO) siiouid be 
aciiieved. in this event, lithium will no longer be required. 
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iroin them Tl.c h...f ..r obtained 

Icasibilitv T '",'^'"■^'■•'"'■•"1 ^vould estabiish scientific 

source ol" electric nnwpr t. • ■ , *^'-0"0"i'c 
•0 to 20 ye Z ' ^^"'"'"^'^ 

achieve U ^hf t '° ^'^^^''^ "''"OSt any effort niade to 
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Photo 14. Dr. Dixy Lcc Ray. Cluiinium uj ilia Atomic Euargy 
Commission. aml Dr. Robert L Uirsch. Director of iha .'\ECs 
Dimum oj Controlled Thermo micicar Research, discwis 
recent progress in the ORtMA.K experiment at the Oak Ridge 
.\'aiioiuil Lalnm tory. 



READING LIST 

Books and Reports 
' Progress in Controlled Thermoniulear Research. 
Gould. n.V. 1-iirlh. R. F. I'ost, and F. L. Ribc. 
Govcrnniciit Printing OlTicc, vVasliington. D. C. Dec 
1970,51.00. 



85 



Sunnnary of the USALC Program in Controlled nemo- 

Comrollcd Thermonuclear Research. Hearings Before the 
Su co,.„mtee on ResearC, Development, "and ^adTatl^ 

Un t d St'a r'Tr °" 

0 c W r • Government Printing 

Ott.cc, VVasiiuigton, D. C. November 1971, Part ^ (Ad- 
pendiccs),397 pp.,Sl.50. " ^ ^ 



Articles 



Comrolled Fusion Research and High-Temperature P,as„K.s, 
(,970) ' 20: 509 

The Leakage Problem in Fusion Reactors. F. C Chen 
Scientijic American. 217: 76 (July 1967) ' 

''t.^rTT- °'' Gough and B J 

tastlund. 5aev,.,y7c- .l/wr/am. 224: 50 (February 1971)' ' 
Fusion by Laser, M. J. Lubin and A. P. Fraas ^aV,, i/iV 

American. 224: 21 (June 1970) ^cunt.Ju 
The Tokamak Approach in Fusion Research, B. Coppi and 

J. T^^i^^.ScientiJic American. 227: 65 (July 197^) 
Controlled Nuclear Fusion Status and Outlook, D. J Rose 

Science, 172: 797 (1971) ' 

'w >° Ther,„o,u,.l«.r Power, 

vv . U. Met.' 177: 1 1 80 ( 1 97?) 

'XriM97';r" 

Laser-Induced Thermonuclear Fusion, J. Nuckolls J Em- 
mett and L. Wood, Physic. Today. 26: 46 (AuJ^t 97^ 
Id Survey of Major Facilities in Controllc-d Fusion 
Nuclear Pusion. Special Supplement 1 970. 
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MOTION PICTURES 



Available for loan witliout cliarge from tiie USAEC Film 
Library-TIC, P. 0. Box 62, Oak Ridge, Tennessee 37830. 

To Bottle the Sun. 5% minutes, color, 1973. The principles 
of fusion are explained. Various research projects are 
discussed as well as the problems that must be overcome 
before fusion reactors are a reality. 

A Superconducting Magnet for Fusion Research, 22 minutes, 
color, 197 1. Intense magnetic fields are generally agreed to 
be the most promising means of confining liydrogen- 
isotope plasma to produce controlled fusion on eartli. As 
part of this researcli a 13-ton superconducting magnet has 
been built for the Baseball-II neutral beam injection 
experiment at the Lawrence Livermore Laboratory in 
California. This film describes the general concept of the 
experiment, tlie winding and installations of the magnet 
sSrstem, and initial testing of the new fusion research 
facility. 
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